
 

 

 

 

Order and Disorder in Protein Biomaterial Design 

by 

Stefan Daniel Roberts 

Department of Biomedical Engineering 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 
Ashutosh Chilkoti, Supervisor 

 
___________________________ 

Joel Collier 
 

___________________________ 
Brenton Hoffman 

 
___________________________ 

Terrence Oas 
 

___________________________ 
Rohit Pappu 

 

Dissertation submitted in partial fulfillment of 
the requirements for the degree of Doctor 

of Philosophy in the Department of 
Biomedical Engineering in the Graduate School 

of Duke University 
 

2018 
 

 



 

 

 

ABSTRACT 

Order and Disorder in Protein Biomaterial Design 

by 

Stefan Daniel Roberts 

Department of Biomedical Engineering 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 
Ashutosh Chilkoti, Supervisor 

 
___________________________ 

Joel Collier 
 

___________________________ 
Brenton Hoffman 

 
___________________________ 

Terrence Oas 
 

___________________________ 
Rohit Pappu 

 

An abstract of a dissertation submitted in partial 
fulfillment of the requirements for the degree 
of Doctor of Philosophy in the Department of 

Biomedical Engineering in the Graduate School of 
Duke University 

 
2018 

  



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright by 
Stefan Daniel Roberts 

2018 
 



 

 

iv 

Abstract 
Crystalline and amorphous materials have been extensively studied for their 

interesting properties, but they comprise a very small portion of the total materials space. 

The properties of most materials are a consequence of the interactions between their 

ordered and disordered components.  This phenomenon is especially important in 

biology with materials such as silk and elastin owing their extraordinary attributes to the 

interactions of ordered and disordered domains at the inter- and intra- molecular levels. 

Recent insights in the emerging field of intrinsically disordered proteins have further 

highlighted the importance of order-disorder interactions as determinants of structural 

and chemical functions in multivalent proteins. While the significance of order-disorder 

interactions is well known and much work has been devoted to understanding their 

biological implications, little effort has been made to functionalize them for the 

development of new materials.  

Recombinant protein polymers offer an interesting platform for determining how 

combinations of order and disorder lead to unique material properties as their molecular 

level control enables these components to be precisely mixed within a single polypeptide 

chain. This dissertation reports the successful design and application of a new class of 

recombinant materials inspired by the protein elastin, termed partially ordered polymers 

(POPs), to uncover the impact of single chain interactions between ordered domains and 
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disordered regions on macroscopic material properties. These ‘smart’ protein materials:  

(1) are the first biopolymer system with temperature dependent phase behavior in which 

the aggregation and dissolution temperatures can be independently controlled, (2) are 

injectable as a solution that assembles under the stimulus of body heat into fractal-like, 

porous networks suitable for cell infiltration and remodeling, and (3) can be used to create 

microstructures with complex architectures and spatially segregated regions for 

applications in drug delivery and tissue engineering. This work expands the biomedical 

potential for protein-based materials as well as the available microarchitectures for 

biocompatible polymers, demonstrating that sequence level modulation of order and 

disorder is an untapped principle for the design of functional biomaterials.  
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1. Introduction  

Many useful properties of soft polymeric materials emerge from the collective 

interactions among ordered and disordered domains. This phenomenon is also one of the 

hallmarks of naturally occurring protein-based materials. Silk fibers, for example, owe 

their extraordinary combination of elasticity and strength to the interactions among 

periodically repeated beta sheets and unstructured domains encoded by the primary 

sequence [1]. Similarly, tropoelastin—the soluble precursor of elastin—consists of repeats 

of unstructured hydrophobic regions interspersed by alanine-rich alpha helices which 

work cooperatively to form elastin fibers and networks in the extracellular matrix [2]. 

Recent insights into intrinsic disorder in protein systems also highlight the importance of 

interactions between disordered regions and ordered domains as determinants of 

function and emergent phase behavior in multivalent proteins [3-6]. While the 

significance of order-disorder interactions is well known and much work has been 

devoted to understanding their biological implications, little effort has been made to 

functionalize them for the development of new materials. This work, therefore, began 

with a basic question: can we recreate the cooperative activity of structured and 

unstructured domains apparent in biological proteins? More specifically, can we do so in 

a ‘smart’, stimuli responsive protein polymer system useful for biomedical applications?  

In order to determine how the combination of sequence-encoded order and 

disorder leads to the emergence of novel material properties, nanoscale modules have to 



 

2 

be synthesized with molecular precision. Advances in the recombinant synthesis of 

peptide polymers has made it possible to design building blocks with precise, genetic 

control, enabling ordered and disordered components to be mixed and matched at will 

within a single polypeptide chain [7, 8]. This dissertation reports the successful design of 

modular polypeptides wherein ordered domains are periodically inserted into a 

disordered polypeptide scaffold. Initially intended to be a brief scientific foray, this 

exercise exposed a rich landscape of new discovery. Using simple design principles 

inspired from the protein elastin, we successfully created a new class of materials, termed 

partially ordered polymers (POPs), to uncover the impact of single chain interactions 

between ordered domains and disordered regions on macroscopic material properties. 

These ‘smart’ polymers:  (Chapter 3) are the first biopolymer system with temperature 

dependent phase behavior in which the aggregation and dissolution temperatures can be 

independently controlled, (Chapter 4) are injectable as a solution that assembles under the 

stimulus of body heat into fractal-like networks suitable for cell infiltration and 

remodeling, and (Chapter 5) can be used to create microstructures with complex 

architectures and spatially segregated regions for applications in drug delivery and tissue 

engineering. 
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2. Background and Motivation  

This dissertation is about designing and functionalizing a new class of proteins; it 

is also about intracellular and extracellular biology, materials science, and bioengineering 

all sprinkled with a dab of polymer physics. While the ideas herein are new, they are, like 

all ideas, built on the shoulders of concepts spanning disciplines and decades. This 

chapter is, therefore, an attempt to broadly highlight the most relevant and exciting 

concepts that led to or contributed to this work.  

2.1 Proteins as bio-inspired materials 

Among the major macromolecules of life, proteins are the workhorses of biology. 

Acting as catalyzers, regulators, transporters, signal transducers, and much more, 

proteins are omnipresent and diversely functional [9-11]. Though much focus is placed on 

the enzymatic class of proteins, structural proteins, such as those used to make hair, 

connective tissue, or silk are the most abundant proteins in nature [12, 13]. Through years 

of evolution, nature has designed materials such as fibers, porous networks, adhesives, 

lubricants, hinges, and even solar converters using proteins and protein-composite 

materials [12, 14]. Many of these materials have remarkable properties and characteristics 

currently unattainable in synthetic materials.  Spider silk, for example, with its 

unprecedented tensile strength to density ratio [15], has launched an arms race of research 

aimed at its mass production. Though design inspirations for engineers in a myriad of 

different fields, structural protein materials have found the most use in bioengineering 
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and medicine. As nature has evolved highly unique materials for her own use, these 

materials are uniquely suited for repurposing in a natural environment. Here, 

extracellular matrix proteins such as elastin and collagen have received the most attention 

as they are both naturally biocompatible and can be used to mimic the natural mechanical 

environments of different tissues [16-18].  

2.1.1 Recombinant protein materials 

Historically, protein based materials have been extracted and processed from 

animals for analysis or application [19-22]. The precise processes vary considerably and 

can involve animals ranging from insects to large mammals, but they consistently require 

an extensive amount of time and resources for collection. These processes also leave very 

little room for additional engineering should modifications to material properties be 

required. In recent years, researchers have turned to another method for protein material 

production:  recombinant engineering. 

Despite their diversity in function, proteins are made up of a remarkably small 

alphabet of amino acid building blocks [11]. Proteins can be thought of as polymers of 

amino acid monomers. However, conventional methods of polymerization used for the 

production of large synthetic polymers rely on a stochastic distribution of monomers and 

are inadequate for protein production, which requires precise placement of amino acids 

to properly encode protein structure and function. In order to create proteins with precise 

amino acid positioning, researchers have hijacked existing cellular machinery for protein 
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production, isolating or producing a gene encoding the protein of interest and inserting it 

into a host organism such as bacteria or yeast for expression [23]. While this method does 

not reach the production level of that for synthetic polymers, it can still be scaled to 

appropriate industrial levels for most bioengineering purposes. Because they are 

designed at the genetic level, recombinant protein materials have significantly more 

sequence control than their synthetic counterparts, and function, in addition to structural 

attributes, may also be encoded in the design of the primary sequence. 

2.1.2 Stimuli-responsive protein polymers 

With the versatility of recombinant biomolecular techniques, researchers can 

either reproduce exact biological sequences (either full proteins or truncated peptides) or 

can design their own proteins based on known biological components. The latter is 

commonly done for structural proteins as researchers have begun to grasp the important 

sequence components necessary to achieve desired material properties. Moreover, many 

structural proteins are, by nature, highly repetitive, and easier to make minimalistic 

versions of by repeating key amino acid motifs (typically 3-10 amino acids). Though 

technically all protein are amino acid polymers, what is referred to herein as a protein 

polymer is a polypeptide composed of repeats of these motif monomers. Repeating 

primary sequence motifs reduces the chemical variability along the polypeptide chain and 

allows researchers to better use many of the principles of polymer physics to analyze and 

design protein behavior[24]. Moreover, because these designs are simpler, and therefore 
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better understood additional attributes such as cellular cues and site-specific chemical 

reactants can be encoded [25-27].   

One common attribute engineered into protein polymers is stimuli-

responsiveness. These ‘smart’ polymers are sensitive to elements in their external 

environment, reacting to slight changes in, for example, light, pH, temperature, or ionic 

strength with defined chemical or physical changes such as solubility, secondary 

structure, or binding capacity[28-30]. While the combinations and possibilities are near 

endless, this narrative focuses on highly temperature-sensitive polymers which respond 

with sharp changes in solubility—becoming soluble or insoluble at critical threshold 

temperatures. This class of polymers has already driven a number of innovations in 

bioengineering, particularly in in drug delivery and tissue engineering [16, 17, 31-36]. 

2.1.3 Methods for the production of recombinant protein polymers 

The design and synthesis of short oligonucleotides for protein engineering has 

become a routine process, but the inherently repetitive nature of protein polymer 

complicates the gene assembly process. Most gene assembly methods are a variation of a 

polymerase chain reaction (PCR), which involves the binding of sense and anti-sense 

primers to single-stranded oligonucleotides. The design and production of repetitive 

protein polymers, however, is inherently different from more typical proteins. Because 

protein polymers are composed of highly repetitive sequence motifs, the DNA used to 

construct them is also characteristically repetitive. Because PCR reactions depend on the 
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predictable and consistent binding of primers to a single location along the DNA strand, 

PCR is a not viable technique for the assembly of repeated sequences as the primers are 

free to bind to a number of different locations along the oligonucleotide. As a result, 

researchers have developed specialized protocols for the genetic construction of protein 

polymers (Figure 1).  

2.1.3.1 Genetic synthesis 

The most well studied method for designing repetitive oligonucleotides is 

concatemerization [37-39]. Similar to step-growth polymerization, concatemerization uses 

short synthetic oligonucleotides encoding one or a few copies of the repetitive units. These 

oligonucleotides are mixed in solution and allowed to oligomerize, and the DNA 

segments are ligated together and inserted into an expression vector. This process 

produces DNA of non-uniform lengths normally distributed around a mean. While 

concatemerization-based methods provide researchers with easy access to DNA 

templates of protein polymers with different lengths in a single step, the stochastic nature 

of these techniques can limit their applicability. Notably, the random distribution of 

monomers prevents absolute control over the sequence if the polymer contains more than 

one type of monomer.   

Step-wise assembly methods, while much slower, allow for more precise 

placement of multiple monomers to produce protein polymers of specific lengths and 

more complex designs. The process involves inserting a single oligomer containing one or 
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more encoded monomers into a vector. Further polymerization of the DNA is 

accomplished either iteratively (repeatedly opening the vector and sequentially adding 

additional sequences) or recursively (doubling the inserted length of the oligomers at 

every step of the process). Step-wise and concatemerization assembly techniques are not 

mutually exclusive and can be combined to maximize speed and control. [7, 40]. 

Figure 1: Different gene assembly methods for repetitive protein polymers. 
(a) concatemerization; (b) overlap extension rolling circle amplification (OERCA); (c-e) 
step-wise assembly methods —(c) traditional assembly with palindromic restriction 
enzymes (REs) (d) recursive directional ligation (RDL) with interrupted palindromic 
REs and (e) recursive directional ligation by plasmid reconstruction (PRe-RDL) with 
type IIS REs; and (f) codon scrambling. 
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Step-wise self-assembly requires judicious choice of restriction enzymes (RE) to 

manipulate and elongate the DNA template of a protein polymer. As a result, a number 

of innovations in the last two decades have been driven by the selection of different 

combinations of REs. The Chilkoti lab predominantly uses a recently developed step-wise 

assembly method called recursive directional ligation by plasmid reconstruction (PRe-

RDL) that incorporates type IIS enzymes to cleave the DNA at defined distances from 

their recognition site [7, 41-44]. This unique ability eliminates overlap of the recognition 

sequences within the coding region of the oligomer, thus allowing for seamless insertion. 

Pre-RDL also incorporates a third RE recognition sequence within the plasmid to create a 

vector with a total of three unique RE sites: one on the 5′ end of the insert (A), the 3′ end 

of the insert (B), and within the vector (C). The plasmid is then digested separately with 

the combination of either A and C or B and C. By choosing an RE for position C that does 

not have compatible overhangs with A or B, the products of these digestions can be 

successfully ligated in only one direction.   

A potential solution to enabling use of powerful PCR  methods for the assembly 

of highly repetitive genes lies in the redundancy of the genetic code. Because multiple 

codons encode the same amino acid, it should, in principle, be possible to design a non-

repetitive gene that will translate into a repetitive polypeptide. A recent computational 

breakthrough in this field has made the design of much longer repetitive genes using 

cutting edge gene assembly strategies possible [45]. This innovation is a publicly available 
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codon-scrambling algorithm capable of determining the least repetitive gene for a 

repetitive protein, preventing cross-hybridization during PCR and allowing for the 

synthesis of the gene assembly methods such as Golden Gate and Gibson assembly [45].   

2.1.3.2 Recombinant expression 

Genetic synthesis using recombinant DNA techniques is only the first step in 

producing repetitive protein polymers. After synthesis, a gene must be expressed in a 

living host, hijacking its transcription and translation machinery. While bacterial systems, 

especially E. coli, have been most prominently used due to their low cost, ease of use, and 

high yield, other expression systems such as yeast [46], tobacco [47, 48], fungus [49], and 

cell-free expression systems [50] have all been used successfully. Heterologous 

recombinant protein expression in E. coli has generally dictated that the codons used have 

to be optimized based on the pattern of codon usage in the host, based on tRNA 

abundance among other factors [51-54]. Early attempts to produce recombinant proteins 

suffered from poor expression levels due to non-optimized codon selection of the 

respective genes. This problem can be solved by optimizing the codon usage to reflect the 

codon bias of the host [54-56]. Where bacteria cannot be used, the expression system is 

determined by the requirements of proper folding, chemical complexity, and yield. For 

example, the low evolutionary order of bacteria makes them unsuitable for synthesizing 

proteins that require disulfide bond formation and higher order post-translational 

modifications such as glycosylation and hydroxylation. 
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2.2 Elastin-inspired biopolymers 

The remarkable properties of elastin have stimulated a growing field centered on 

the design of biologically-inspired materials and specifically of elastin-inspired protein 

polymers. These biopolymers have been engineered to exploit the properties of elastin in 

innovative materials that extend well beyond its native biological functios. 

Elastin is an essential component of the extracellular matrix [57]. It provides the 

repetitive stretch and elastic recoil necessary for the operation of extensible tissues such 

as the lung, arteries, skin, vocal folds, bladder, and cartilage [58, 59]. In arteries, for 

example, elastin couples with collagen, wherein collagen prevents rupture at high 

extension while elastin minimizes the energy demands on the heart by providing 

consistent recoil and high resilience [57, 60, 61]. Elastin is both a highly elastic and durable 

material with a half-life on the order of the lifetime of the parent organism [18, 62-64]. 

Furthermore, elastin has been shown to self-assemble and coacervate in response to a 

variety of stimuli, and it plays a physiological role in regulating the remodeling of the 

extracellular matrix and in controlling inflammation [65, 66]. The combination of all of 

these properties has made elastin, and its derivatives, very attractive as protein 

biomaterials. 

The precursor protein to insoluble elastin networks is the soluble protein 

tropoelastin. Early analysis of its amino acid sequence (involving the tryptic digest of 

solubilized elastin from porcine aortas) revealed the presence of repetitive hydrophobic 
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domains and structured hydrophilic domains [67-69]. It was only in 1987, when the 

human tropoelastin gene was sequenced, that the order of these peptide domains was 

fully elucidated [70]. Since then, the primary sequences of tropoelastin from multiple 

mammalian species have been published [71-73]. The availability of these sequences has 

revealed the conserved features that have been used for the development of elastin 

Figure 2: Origin of elastin biopolymers. (a) The sequence and domain 
structure of human tropoelastin reveal the organization of ordered (orange) and 
disordered domains along with the presence of the pentapeptide motif VPGXG (blue). 
Modified from [73]. (b) Elastin based polymers have taken many forms: from 
recombinant versions of native elastin isoforms to ELPs —that are a minimal and 
reductionist version of elastin’s hydrophobic domains. 
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biopolymers: i) elastin sequences alternate between disordered, hydrophobic and 

ordered, hydrophilic domains; ii) the hydrophilic domains contain lysine residues for 

covalent crosslinking; iii) the hydrophobic domains are repetitive and rich in proline, 

glycine, alanine, and valine. While the amino acid composition is similar among species, 

the sequence of the repetitive hydrophobic domains is not well conserved [71, 74, 75].  

Motivated by the repetitive nature of elastin, Urry pioneered the development of 

minimalistic elastin-inspired biopolymers by chemically synthesizing repetitive 

polypeptides derived from the hydrophobic portion of tropoelastin, namely the 

pentapeptide sequence VPGVG [67, 76]. These elastin-like polypeptides (ELPs) constitute 

the most reductionist approach to the design of biomaterials inspired by elastin (Figure 

2). His group  further generalized this approach to polymers composed of the 

pentapeptide VPGXG —where X is any amino acid except proline— that recurs most 

frequently in tropoelastin [77]. Other motifs that have also been investigated are minor 

variations of the VPGXG motif such as LPGXG, IPGXG and VPAVG [78, 79]. There 

simplicity and easy of modification have made ELPs the most studied elastin-derived 

biopolymer to date.  

2.3 Biophysical properties 

The study of elastin and elastin biopolymers has led to a wealth of information on 

their biophysical properties. Their mechanical elasticity and their reversible coacervation 

—temperature dependent phase behavior— are the two properties of primary interest, 
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and both are derived from the disordered nature of elastin biopolymers and the sequence 

biases which drive this disorder.  

2.3.1 Mechanism of elasticity 

Regarded as one of the most elastic biomaterials known, elastin can deform at least 

60% in the elastic region, has a Young’s modulus of ~1MPa and a resilience of ~90% [18, 

62, 63]. The extensibility of elastin has been reported to range between 100 and 200% [63]. 

The durability of elastin is evidenced by the billions of stretch/relaxation cycles 

experienced by elastic fibers in the aortic arch without showing fatigue [80]. This 

durability is characteristic of entropic elastomers, of which elastin is a classic example. 

The force for elastic recoil arises from the decrease in entropy upon stretching rather than 

by direct strain of the material [81]. Although the mechanical properties of elastin, and 

subsequently of ELPs, have been studied for many decades, only recently has a consensus 

emerged on the mechanism of its elasticity.  

The original model for elastin’s entropic elasticity was based on Flory’s classic 

theory of rubber elasticity. Elastin was first characterized as a high entropy random coil 

polymer which suffers a loss of entropy upon deformation [82].  Shortly thereafter, it was 

proposed that elastic recoil was not directly driven by polymer deformation, but by an 

unfavorable decrease in solvent entropy caused by the exposure of hydrophobic residues 

during stretching [83-85].  The third model, known as the librational entropy model, 

requires highly dynamic non-random conformations in elastin (so-called β-spirals 
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comprised of a series of β-turns) which experience high frequency oscillations (high 

entropy) that become damped upon stretching [81]. However, classic rubber theory 

cannot explain the effects of protein hydration on the elasticity of elastin, and there is 

insufficient evidence for the idealized β-spiral structure in the librational entropy model, 

especially in the light of recent molecular dynamics studies [84, 86-89]. These simulations, 

in combination with further experimental studies, now point to the role of hydrophobic 

hydration of these highly dynamic and disordered polypeptides as a major source of 

entropy responsible for elastin’s elasticity [83]. 

2.3.2 Phase behavior 

Since the early days of elastin purification from animal tissues, it was observed 

that elastin-derived fragments display an interesting ability to undergo reversible phase 

separation, switching from a soluble to insoluble state upon changes in temperature or 

ionic strength [90]. The ability to translate environmental changes into pronounced 

changes in the physical properties of the material constitutes the basis for the ‘smart’ 

behavior of elastin biopolymers. 

The mechanism for coacervation has long been associated with the mechanism of 

elastin elasticity [85]. The observation that tropoelastin coacervates under physiological 

conditions also suggests its potential role in elastic fiber formation. For example, α-elastin 

and tropoelastin have been shown to self-assemble into 5 nm wide fibers upon sustained 

incubation above their transition temperatures. The repetitive nature of tropoelastin 
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stimulated an exon-by-exon dissection of the role that different domains of the protein 

play in its coacervation behavior in order to study the ability of each domain to drive or 

promote its overall coacervation. All human tropoelastin exons studied, besides the 

hydrophilic crosslinking domains, adopt disordered or polyproline II (PPII) 

conformations, and proteins encoded by exons for the hydrophobic domains 18, 20, 24, 

and 26 coacervate into flexible fibers reminiscent of tropoelastin fibers [72, 73].  

Elastin biopolymers, such as ELPs, based on these tropoelastin exons also possess 

thermally triggered phase behavior. This behavior can more generally be described as 

lower critical solution temperature (LCST) phase behavior, such that at temperatures 

below the binodal line, the polymer mixture contains only one phase. This region of the 

phase diagram is referred to as the soluble phase, wherein the polymer chains are well 

solvated and hence soluble in aqueous solvents (Figure 3).  The metastable phase lies 

between the spinodal and binodal boundaries. In this region of the phase diagram, there 

exist two separated phases where each phase is stable against small fluctuations in 

composition or temperature and will not fully phase separate into the equilibrium phases 

predicted by the binodal line unless initiated by a large nucleation event. Nucleation can, 

for example, be initiated by a transient increase in local polymer concentration (from 

pressure, temperature, impurities, etc.) causing nanoscale aggregates to grow by 

recruiting other polymers [91]. Above the spinodal boundary, the solution will 



 

17 

spontaneously phase separate into two distinct phases.  The critical point is the 

intersection of the spinodal and binodal curves.  Only recently as a completed phase 

diagram been compiled for an ELP sequence [92], though multiple other studies have 

investigated the ability of the guest residue of ELPs to control the position of the binodal 

boundary by generating partial phase diagrams at low concentrations [8, 93, 94]. In 

contrast to LCST phase behavior, polymers that display upper critical solution 

temperature (UCST) phase behavior have a phase diagram that is a mirror image of LCST 

phase behavior: the soluble phase occurs above the binodal boundary and spontaneous 

phase separation occurs below the spinodal boundary.  

Figure 3:  Phase behavior.  (a) Polymers with lower critical solution temperature 
(LCST) phase behavior transition at a critical point that shifts along a phase boundary. At 
a consistent concentration, a specific temperature is required for phase separation, and at 
a consistent temperature, a specific concentration is required; however, both descriptions 
describe the same point. 
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2.3.2.1 Tunability of thermal coacervation 

The precision with which phase separation can be tuned at the sequence level has 

led to the widespread use of ELPS as a biomaterial and as a biomolecular tool.  Urry first 

demonstrated that the hydrophobicity of the guest residue X in the VPGXG pentapeptide 

motif could be used to control the phase transition temperature (Tt) of ELPs [93, 95]. While 

the relationship between the guest residue and the Tt has proven to be useful to tune the 

Tt of ELPs, it does not consider two other important variables: molecular weight and 

concentration. The effect of these variables on the Tt were subsequently elucidated by 

Meyer and Chilkoti, leading to the development of a simple analytical model that 

quantitatively accounts for the effect of these variables on the Tt [94]: 

𝑇𝑇𝑡𝑡 = 𝑇𝑇𝑡𝑡,𝑐𝑐 + 𝑘𝑘
𝐿𝐿

ln (𝐶𝐶𝑐𝑐
𝐶𝐶

)    (Eq. 1) 

where C is the concentration of the ELP solution; L is the chain length, and the other three 

parameters —Tt,c, cc and k — are empirically determined. This model was further 

simplified by McDaniel et al. using compositional constraints to ELPs containing mixtures 

of only valine or alanine as the guest residue. Doing so allowed the identification of a 

library of ELPs in a range of molecular weights and concentrations that phase separate at 

physiological temperatures [8]. 

2.3.2.2 Reversibility of thermal coacervation 

Materials that display thermodynamic hysteresis possess a “state memory” and 

do not follow the same thermodynamic path when alternating between two states. ELPs 
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form nearly perfect elastomeric materials that dissipate little energy during stretching, 

thus displaying little to no hysteresis. ELPs comprised of the VPGXG sequence motif also 

display little thermal hysteresis, rapidly disassembling upon cooling at the same 

temperature required for aggregation upon heating [8]. However, polymers of VPAVG, 

for example, do not phase separate reversibly [14, 96-98]. The mechanism behind their 

altered assembly behavior and the large hysteresis on cooling compared with other ELP 

motifs is thought to arise from the disruption of the PG dipeptide that is critical for β-turn 

formation [99].  

2.3.3 Other biophysical properties 

The recombinant nature of ELPs allows for additional chemical and bioactive 

properties to be encoded at the sequence level. ELPs can be fused to other proteins and 

peptides [34, 100, 101], can have foreign peptide sequences embedded throughout the 

length of the polymer [26, 102, 103], and can tolerate any amino acid besides proline as 

the guest residue without loss of thermal responsiveness [8, 93, 94]. This sequence 

plasticity in ELPs has led to extensive work on the introduction of reactive residues such 

as cysteine [104-110], lysine [30, 111-120], histidine [121], and glutamic acid [121] along 

the ELP backbone to impart novel chemical and biophysical properties to the biopolymer 

chain. There has also been growing work in the expansion of the properties of ELPs by 

introduction of non-canonical amino acids [122-128]. The addition of these reactive 

residues has enabled researchers to introduce new types of stimuli-responsive behavior 
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to triggers such as pH [121], radiation [129, 130], and bioactive ligands [131-133]. 

Furthermore, recent work by the Chilkoti group has shown that the sequence space of 

ELPs with reversible phase behavior is broader than previously expected [75, 134]. 

Because the presence of proline and glycine residues creates a robust intrinsically 

disordered protein scaffold, the composition and ordering of the other amino acids in the 

motif can be highly diverse, allowing for extension to polypeptides with biological activity 

[75, 134].  

2.4 Elastin-like polypeptides as models of intrinsic disorder 

The explosion of research on intrinsically disordered proteins (IDPs) and 

intrinsically disordered regions (IDRs) in the last decade has led to a paradigm shift in 

understanding the structure-function relationship of proteins [3, 135]. Disorder is, in fact, 

not limited flexible linkers between biologically active domains, but also plays a crucial 

role in mechanically active proteins and a host of cellular functions with new biological 

functions for protein disorder rapidly being discovered [4, 136].  Tropoelastin is perhaps 

the most well characterized protein with functional disorder and its minimalistic 

derivative, ELP, has been unknowingly engineered to be an ideally disordered protein 

polymer. Insights discovered through the bottom-up design of disordered, elastin-based 

proteins may provide the missing link to understanding and redesigning functional 

protein disorder. 
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2.4.1 What is protein disorder? 

Intrinsic disorder refers to amino acid sequences that do not adopt a single 

coherent structure in solution. This is a negative description of protein structure —a lack 

of order. As a result, its precise meaning has been a source of constant debate [137], though 

there has recently been a concerted effort among researchers to clarify this definition, 

consolidating a variety of descriptions—from the more analytical ‘natively denatured’ to 

the more creative ‘dancing proteins’—under the umbrella term of ‘intrinsically 

disordered’ [3, 138]. IDPs and IDRs are generally composed of tandem repeats of low 

complexity sequence domains which can be polymorphic [139] or adopt multiple 

conformations in solution [3].  Mechanisms ranging from electrostatic repulsion to the 

Figure 4: Disorder-Order Structural Paradigm. Only recently have 
biologist discovered that the disordered components of proteins are of 
significant biological importance. Many proteins now appear to have functional 
disordered regions which co-exist and work with their ordered regions. Some 
few functional proteins are even thought to be entirely disordered. 
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presence of structurally disruptive amino acids (Gly-Pro), have been proposed, with a 

flexible chain conformation as the unifying feature [140].  

2.4.2 Biological significance of protein disorder 

Much of what we know of proteins from the last half-century of research stems 

from a biological theory known as the structure-function paradigm [141]. The central 

hypothesis of this theory is that biological molecules, and proteins in particular, are 

encoded to adopt a specific structure, and this structure is directly correlated with a 

protein’s function. Changing the structure of a protein will therefore change its function. 

While this model is often correct, such as in the binding pocket of many enzymes, a 

casualty of the intense focus on the structure-function relationship has been the 

unstructured regions of proteins (Figure 4). These sequences were given little thought and 

considered to be largely flexible linkers that aided in guiding structured domains to the 

correct position for interactions [135, 139]. While there are examples of flexible linkers in 

the disordered regions of proteins, our understanding of the functional importance of 

IDPs and IDRs has rapidly expanded in recent years [3, 142, 143]. Disordered regions have 

been extensively studied in protein-protein and protein-nucleic acid binding interaction, 

playing known biological roles in subcellular compartmentalization [5, 144-146], gene 

regulation [142], and intra-cellular communication [147]. They are also important in 

determining the properties of structural proteins such as tropoelastin, silk, and resilin [18, 
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137, 148]. In addition, mutations in the disordered regions of proteins have been indicted 

in the emergence of several diseases, including Huntington’s and Alzheimer’s [149-152].  

2.4.3 Disorder and phase behavior 

Much of the research focus on elastin and its derivatives in the last few decades 

has revolved around ability of the proteins to undergo LCST phase behavior. Until 

recently, the phase behavior of stimulus-responsive protein polymers such as ELPs was 

only studied in the context of very specific repetitive amino acid motifs, as LCST phase 

behavior was thought to be restricted to specific sequences [153, 154]. However, recent 

research on both protein polymers and IDPs clearly demonstrates that disorder, and not 

sequence, is the most important structural feature that drives aqueous phase behavior 

[155, 156]. The amino acid sequence, however, defines the type of phase behavior and the 

temperature range at which it is observed. The presence of chain disorder is integral to 

the aqueous phase behavior of IDPs and unstructured protein polymers. Phase behavior 

can manifest itself in polymers as LCST or UCST [157, 158], and in principle both polymer 

phase behaviors can be observed in the same system [159]. Changes in temperature as a 

driving force for LCST or UCST phase transition, while eminently useful in the application 

of such polymers in an abiotic and technological context, are less relevant to natural 

biological conditions.  In the largely isothermal environment of life, nature frequently uses 

other variables to drive phase behavior within cells  such as changes in  protein 

concentration [145], post-translation modifications of key proteins [146], or ligand binding 
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induced coacervation [160]. All environmental variables that drive aqueous phase 

behavior, at their core, simply do so by altering solvent quality between miscible and 

immiscible states. As a result, though IDPs that exhibit phase separation may do so using 

other variables, they should also exhibit temperature dependent phase separation.  

2.4.4 Elastin: disorder at the sequence level 

Protein polymers such as ELPs occupy a niche that is midway between synthetic 

polymers and IDPs. IDPs owe their disorder to repetitive, low complexity sequences of 

limited hydrophobicity [3], and ELPs are an extreme example of this amino acid syntax 

(Figure 5), as they are completely disordered polypeptides composed only of repeats of 

short peptide motifs.  

2.4.4.1 Hydropathy-charge 

There has been significant effort in the past few decades to understand the role 

that primary sequence plays in determining the tertiary structure of proteins. As the field 

of disordered proteins has expanded, it has also become clear that disorder, in addition to 

structure, may be encoded at the amino acid level [161]. One of the better recognized 

descriptions of crucial determinants in protein disorder stems from Uversky et al’s 

analysis of the impact of charge and amino acid hydropathy on the tendency of a 

particular sequence to form a compact globular structure [162]. This analysis uses a 
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normalized plot of hydrophobicity and net charge to determine whether a sequence has 

the properties to preclude the formation of a folded structure. Analyzing the canonical 

ELP sequence (VPGVG)n by this algorithm places it firmly in the region of compact, folded 

proteins with a zero net charge and a moderately high hydrophobicity. This finding is 

inconsistent with the prevailing notion of ELPs as highly disordered proteins but can be 

readily resolved by considering that Uversky’s algorithm is based on protein 

conformations at physiological temperatures as (VPGVG)n is expected to be collapsed, or 

“folded”, at this temperature [8]. Altering the guest residue of the more general ELP, 

(VPGXG)n, allows precise mobility in both charge and hydrophobicity, allowing precise 

control of the propensity for disorder. ELPs with highly hydrophilic or charged residues 

can even have a transition temperatures high enough that they are inaccessible in aqueous 

Figure 5: Elastin-Like-Polypeptides: disorder encoded at the sequence level. 
ELPs contain several properties identified here which make them an ideal elastomeric 
IDP capable of disorder in both a solvated and aggregated state. 
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solutions [163], exhibiting the thermal stability often associated with and used to test for 

new disordered proteins [135]. The ability to alter the degree of disorder, or propensity to 

collapse, in an ELP may be useful for researchers looking to understand the effects that 

particular amino acids have in driving the stability of aggregates in a biological system. It 

also suggests that there may be coil-globule transitions for many biologically active IDPs, 

a property already observed in a number of other elastomeric proteins [88, 164].  

2.4.4.2 Tandem repeats 

Another common aspect that many IDPs and IDRs share with ELPs is the 

frequency of low sequence complexity tandem repeats, defined as patterns of repeats of 

highly similar amino acids [135]. The presence of low sequence complexity regions is 

unsurprising given the inherent bias towards disorder promoting amino acids. These 

regions in IDPs can be composed of simple repeats such as polyserine or polyglutamine 

or more complex repeats such as those found in resilin [165]. An analysis of the Protein 

Data Bank (PDB) by Jorda et al revealed that greater degrees of disorder in a protein 

sequence are associated with more perfect tandem repeats, or those with more precise 

spacing of the same amino acids across repeats [166]. In a similar vein, Das and Pappu 

recently simulated the aggregation propensities of a library of polyampholytic IDPs and 

found that, for these highly zwitterionic sequences, more perfect degrees of amino acid 

repetition increased the propensity to disorder compared to more irregularly spaced 

repeats [167].  
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ELPs offer some interesting insights into the effects of tandem repeats on disorder, 

as they are protein polymers that can be designed to have a perfect repeat structure. The 

guest residue of canonical ELP sequences is not limited to the inclusion of a single amino 

acid throughout the polymer chain and mixing different amino acids is a common way of 

precisely controlling their transition temperature [8, 94]. Comparing “well-mixed” ELPs 

to recombinant block copolymer ELPs with the sequence (VPGX1G)n –(VPGX2G)m 

demonstrates how important this tandem repeat mixing parameter can be. Block 

copolymers that are sufficiently amphiphilic—created, in this example, by choosing the 

guest residue X1 to be significantly more hydrophobic than X2—will self-assemble into 

micelles above critical micellization temperature (with (VPGX1G)n in the core), whereas 

the well-mixed guest residues of (VPG[X1/X2]G)n will maintain solubility through the 

entire polymer chain [8, 94, 168].  

2.4.4.3 Proline and glycine 

ELPs also owe their highly disordered nature to systematic contributions from 

proline and glycine to solvation of the polypeptide backbone. These two amino acids are 

both necessary for the intrinsic disordered nature of ELPs, but for opposing reasons. The 

lack of a true side chain for glycine allows it an extremely high degree of chain mobility, 

permitting the protein to sample a variety of chain conformations. This property allows it 

to contribute to structured or unstructured domains, but does not induce the formation of 
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either [169]. Proline, on the other hand, promotes rigidity on all length scales of the ELP, 

prohibiting the formation of stable secondary structure [169].  

2.4.5 Disorder in an aggregated state 

Even in an aggregated state, ELPs retain a high degree of water, allowing chains 

to continually interpenetrate one another while the rigidity derived from proline prevents 

the formation of hydrogen bonds that can drive the formation of a stable secondary 

structure. The concept of disorder in a bound, or aggregated state, runs counter to the 

logic of conventional structure-function relationships in globular proteins but is 

somewhat common among IDPs [3, 139]. Tompa and Fuxreiter have coined the term 

“fuzziness” to describe conformational disorder in protein complexes [135, 139, 170]. 

Fuzziness in binding adds adaptability and reversibility to protein interactions, thereby 

assisting their regulation of sensitive biological feedback loops. Their prevalence in the 

regulation of transcription and translation has been most extensively studied; however, 

IDPs displaying conformational disorder in a bound state can range from the static 

amyloid states of prions to the complete dynamic disorder of the T-cell receptor ζ chain 

[139, 171]. 

The ability for ELPs to sample transient structured conformations is an important 

characteristic that they share with many other IDPs. ELPs exist on an “egg carton” like 

energy landscape capable of sampling a number of conformations until a thermodynamic 

driving force induces a change. This property is not unlike that exhibited by IDPs which 
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have evolved to bind multiple different partners or to undergo a structural shift upon 

binding [3]. For most IDPs, the thermodynamic driving force that triggers their 

conformation change is interaction with another partner, whereas the trigger in ELPs is 

commonly a change in temperature, but the concept of sampling structural conformations 

until a trigger drives an IDP or ELP to adopt a new conformation or set of conformations 

is similar.  

2.5 Elastin biopolymers as injectable materials 

Elastin biopolymers are attractive materials as depots for drug delivery and 

scaffolds for tissue engineering due to their (i) structural similarity to native elastin; (ii) 

precise control over their sequence and chain length via recombinant synthesis; (iii) 

temperature-triggered phase separation; (iv) ability to further stabilize the coacervate 

using encoding chemical [115, 172, 173] or enzymatic crosslinking sites [174]; (v) 

controllable degradation rates [29]; and  (vi) non-toxic breakdown products. The design 

of ELPs that form hydrogels and depots typically focuses on modulating their 

biochemical, mechanical, and thermo-responsive properties for specific applications, and 

these properties are discussed in the following sections. 

2.5.1 Bioactive properties of elastin hydrogels 

The first ELP hydrogels that were synthesized consisted of radiation-crosslinked 

poly-(VPGVG) scaffolds that were shown to be biologically inert and biocompatible [175]. 

Urry and coworkers also published the first example of embedding bioactivity into an 
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ELP, by incorporating a RGD peptide periodically interspersed along the ELP sequence, 

and showed attachment and spreading of aortic endothelial cells on radiation-crosslinked 

scaffolds comprised of the bioactive RGD-interspersed ELPs [101]. Recent efforts have 

focused on creating hydrogels capable of inducing specific cell adhesion and enhanced 

cellular proliferation to increase the utility of artificial ELP hydrogel scaffolds. Tirrell and 

co-workers pioneered these efforts by engineering ELPs encoded with specific bioactive 

motifs such as the CS5 domain of fibronectin, a native extracellular matrix glycoprotein 

[27, 176-178]. These studies have shown that both the density and sequence of the encoded 

cell-adhesion domains strongly influence the success of the hydrogels as tissue scaffolds. 

A deeper understanding of the relationship between polypeptide sequence and cellular 

interactions will enable ELP hydrogels to be specifically tailored as scaffolds for in vivo 

tissue regeneration, and is a promising area of research. 

2.5.2 Mechanical properties of elastin hydrogels 

Controlling the mechanical properties of ELP hydrogels is critical for their success 

as tissue scaffolds as mechanical mismatch of an implant with host tissue often leads to 

failure because of poor integration and/or rapid degradation [179]. Two early 

investigations of ELP hydrogels used chemically-crosslinked ELP hydrogels to tailor 

mechanical properties [115, 173]. Here, ELPs containing periodic lysines as the guest 

residue were crosslinked into hydrogels that exhibited tunable stiffness values between 

0.25 – 45 kPa. The stiffness of the hydrogels could be increased by increasing (i) ELP 
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concentration, (ii) ELP molecular weight, (iii) polypeptide lysine content, and (iv) solution 

pH. Lim et al. later showed that the stiffness of ELP hydrogels could be further tuned by 

changing the block architecture of the ELPs, where chemically-crosslinked ABA and 

ABAB multi-block ELP hydrogels exhibit lower stiffness values than the chemically-

crosslinked single-block ELP hydrogels described above [180].  

Xu et al. showed that covalently crosslinked ELP hydrogels exhibit typical elastic 

network behavior, where the storage moduli are higher than the loss moduli and are 

independent of the sweep frequency [104]. Other studies have shown that the elastic 

modulus of ELP hydrogels can be tuned by changing the molecular weight and 

concentration of ELPs within networks, as well as by changing the types and density of 

covalent crosslinks between ELP chains [106, 173, 179]. Many of these ELP hydrogels, 

however, had relatively weak mechanical properties making them unsuitable for 

applications requiring materials with robust mechanical integration.  

To improve the mechanical properties of ELP hydrogels, recent efforts have 

focused on strengthening the crosslinked networks through the incorporation of 

additional non-covalent crosslinks. For example, Glassman and Olsen demonstrated that 

changing the ELP repeat sequence from VPGXG to XPAVG alters the ELP chain-chain 

interactions during phase separation upon heating [97]. This subtle variation in sequence 

results in a change in the hydrophobic interactions of the residues within the polypeptide 

chains during phase separation that leads to an arrested, bi-continuous nanoscopic phase 
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separated hydrogel network with stiffness values upwards of ~1 MPa [97]. Ghoorchian et 

al. created diblock ELPs that self-assemble into micelles with a zinc-chelating peptide 

presented on the corona of the micelles. Addition of zinc then leads to crosslinking of the 

micelles and formation of a micellar hydrogel with enhanced stiffness (storage moduli 

exceeding 1 MPa) compared to covalently-crosslinked ELP hydrogels even at relatively 

low polypeptide concentrations [181]. 

2.5.3 Injectable depots for drug delivery 

To rationally select ELPs for the design of injectable drug depots, the Chilkoti 

group has created and characterized a library of over 200 ELPs in the past decade [8, 40]. 

This information has enabled the rational design of injectable drug depots for diverse 

therapeutic applications by pairing diverse drugs —peptides, proteins, and 

radionuclides— that are genetically fused or chemically conjugated to an appropriate ELP 

such that the resulting in vivo Tt of the fusion or conjugate remains between room and 

body temperature [163]. 

ELP depots have proven to be most successful in two therapeutic contexts. The 

first has been the application of injectable ELP depots for brachytherapy —localized 

radionuclide therapy— of solid tumors. In ELP-based brachytherapy, a radionuclide is 

conjugated to an ELP with a Tt below body temperature in order to create an insoluble, 

stable intratumoral depot upon injection that will provide prolonged radiotherapy from 

the “inside-out”.  Liu et al. first successfully demonstrated ELP-brachytherapy with an 
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iodine radionuclide-ELP conjugate used to treat subcutaneous (s.c.) tumors. The 

formation of a radionuclide depot due to coacervation of the ELP led to prolonged 

intratumoral retention of the radionuclide and led to tumor regression FaDu squamous 

cell and PC-3 prostate human xenografts [182, 183]. Over two-thirds of all tumor bearing 

animals were cured after treatment with a single administration of a radionuclide-ELP 

that formed an intratumoral depot upon injection [184].  

In the absence of crosslinking, ELP coacervate depots are slowly diluted by the 

interstitial flow that occurs in all tissues. As the phase transition of the ELP is an inverse 

function of its concentration, the edges of the depot become soluble as their local Tt 

increases above the local tissue temperature, and the soluble ELP unimers freely diffuse 

away [94]. Exploiting this phenomenon, Amiram et al. developed an injectable system for 

the sustained delivery of glucagon-like peptide-1 (GLP-1) —a drug for treatment of type 

2 diabetes — by recombinant fusion of the peptide to a depot-forming ELP [185]. Upon 

s.c. injection, the GLP-1/ELP fusion formed a depot that slowly released the fusion for up 

to five days into circulation. This enabled a sustained activation of the GLP-1 receptor on 

pancreatic beta cells and achieved control of blood glucose levels for up to a week in mice 

[185]. 

In a variant of this approach, the injectable depot was designed to release the active 

drug GLP-1 only, rather than the GLP-1-ELP fusion. This system, termed protease 

operated depot (POD), consists of two polypeptide segments fused together at the gene 
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level and recombinantly expressed as one continuous polypeptide: (i) oligomers of a 

peptide drug with recognition sites for proteases that are embedded between the peptide 

repeats and (ii) a depot-forming ELP [185]. Monomeric copies of the peptide drug are 

released by protease cleavage of the oligomer at the sites embedded between copies of 

GLP-1, providing prolonged release of the peptide drug into circulation. Amiram et al. 

showed that a GLP-1 PODs could control glucose levels in mice for up to five days after a 

single injection.   

2.5.4 Injectable scaffolds for tissue engineering 

Tissue engineering is a multifaceted field that aims at the development of materials 

for the restoration or replacement of native tissue function. Most prior work on creating 

material scaffolds have used biomimetic synthetic polymers or decullarlized natural 

extracellular matrices. Synthetic polymers are attractive because of their chemical 

diversity, scalable production, and control over bulk material properties, but they lack the 

natural biocompatibility and bioactivity of native proteins [186]. Decellularized ECMs are 

naturally biocompatible and provide materials with useful properties in directing cell 

behavior but do not allow a high degree of control over their properties [187]. Because 

ELPs are based on tropoelastin, a natural ECM protein, they have been explored as 

interesting intermediaries between these two classes [29, 188]. Designed at a genetic level, 

ELPs can be customized with a degree of molecular precision that exceeds even synthetic 

polymers while retaining the biocompatibility of dellecularized matrices. Furthermore, 
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ELPs have an inherent advantage over many other materials since their thermally 

responsive phase behavior allows in situ scaffold formation upon injection [189], 

eliminating the requirement for surgical implantation. To this end, ELPs have shown 

promise as cell scaffolds for cartilage [174, 189, 190], ocular [191, 192], and liver [193] 

regeneration as well as for vascular grafts [16, 101, 194] and cell sheet [195] engineering. 

A number of studies have also analyzed the behavior of chimeric ELPs, such as silk-ELPs, 

for tissue engineering [15]. 

 The simplest mechanism for cell encapsulation is the use of phase behavior to 

physically entrap cells in a polymer coacervate. Because ELP coacervates are highly 

hydrated, they allow the flow of necessary nutrients to and from the encapsulated cells 

[196]. This method was employed by the Chilkoti and Setton groups to support functional 

chondrocytes and to promote the differentiation of chondrocyte stem cells [190, 197]. The 

rheological properties of these gels are on the same order as other scaffolds composed of 

the thermo-responsive synthetic polymer poly(NIPAAm-co-AAc), as well as hyaluronan 

and collagen gels [190]. However, they are all lower than the properties of native tissue.  

 To increase scaffold stability and improve microarchitectures, additional studies 

have focused on crosslinking ELP coacervates. There are many methods used to 

chemically crosslink ELPs, and each requires the periodic spacing of reactive side chains 

along the ELP backbone. The spacing of the reactive groups and the block architecture of 

the ELPs are both important for imparting the correct attributes to the scaffold. For 



 

36 

example, a study by Nettles et al. on 16 different ELPs determined that spacing 

crosslinkable lysine residues every 7-9 ELP pentamer was optimal for chondrocyte 

viability [198]. This study also suggests that  the molecular weight of the starting polymer 

has little bearing on biological effect compared to the molecular weight between 

crosslinked residues [198]. Lim et al. investigated alternative block architectures and 

demonstrated that flanking a hydrophilic ELP block with two, crosslinkable hydrophobic 

ELP blocks produced hydrogels with increased porosity and enhanced fibroblast viability 

over monoblock ELPs [180]. 

 The choice of crosslinker is also vital for successful scaffold development since 

many chemical crosslinkers are toxic to cells or require toxic reaction conditions. To this 

end, the use of hydroxymethyl phosphines (HMPs), which crosslink the ε-amino groups 

of lysines, have been frequently used as they appear not to affect the viability of fibroblasts 

or chondrocytes in ELP scaffolds [26, 115]. This crosslinking approach was used by Nettles 

et al. as an in situ forming hydrogel for cartilage repair in the medial femoral condyles of 

goats [189]. The biocompatible scaffolds showed increased integration in the 

osteochondral defects after 3 months compared to an unfilled control. Despite the amount 

of discussion on the utility of ELPs for tissue engineering, this study by Nettles et al. is the 

only one to date that has tested the efficacy of ELP scaffolds for tissue engineering in vivo. 

 Enzymatic crosslinking is an attractive concept since it mimics natural protein 

crosslinking and has been explored to maximize ELP scaffold biocompatibility. Using this 
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strategy, McHale et al. crosslinked a mixture of two ELPs containing either periodic 

lysines or glutamines using tissue transglutaminase (tTG) [174]. tTG created only inter-

peptide covalent bonds using a biocompatible reaction to produce a mechanically robust 

scaffold capable of supporting chondrocyte development [174].  

Some recent work has also shown that certain variants of ELPs will physically 

crosslink into stiffer, more porous scaffolds [14]. These scaffolds have been shown to 

support chondrocyte growth and their increased porosity is promising for more complex 

ECM integration in vivo. 

 The genetically encoded design of ELPs allows easy incorporation of more 

biologically active peptide sequences. This concept has most readily been applied to the 

inclusion of cell binding domains in ELP scaffolds. The CS5 domain of fibronectin and 

RDG peptides have both been shown to interact with integrins and can support 

endothelial cell adhesion and spreading [194, 199]. Using aortic endothelial cells, Urry and 

colleges first demonstrated that ELP hydrogels containing RDG domains increase cell 

attachment and, importantly, help to draw cells into the ELP coacervate [101]. Welsh and 

Tirrell confirmed a similar behvior for ELPs with CS5  domains [200]. Multiple domains 

can be encoded as demonstrated by Heilshorn’s group who encoded both an RGD domain 

for cell binding and an angiogenic peptide mimicking the receptor-binding region of 

vascular endothelial growth factor (VEGF) [26].Though ELPs are themselves 

biodegradable, the rate of degradation can be further tuned via the incorporation of 
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protease cleavage sites. Rodriguez-Cabello and colleagues used this strategy to promote 

bioadsorption of ELP scaffolds by encoding the sequence VGVAPG, a target sequence 

found in native elastin, into their polymers [191, 192]. This hexamer is degradable by some 

matrix metalloproteinases and, once released, promotes proliferation and 

neovascularization. 

2.6 Summary and perspective 

Due to their native biocompatibility and unique material properties, protein-based 

materials are attractive alternatives to synthetic materials for biomedical applications. 

Recombinant proteins are particularly attractive over animal-derived materials as they 

can be produced in bulk and can be precisely engineered to a specific function. 

Recombinant versions of elastin are one of the most well studied, and therefore, well used, 

recombinant protein materials due to their unique combination of robust mechanical 

properties and temperature-sensitive phase behavior. This phase behavior is due to the 

disordered nature of elastin, a property that it shares with a growing number of known 

disordered proteins. Our extensive knowledge on elastin and phase behavior is, however, 

limited to a small set of sequences based on entirely disordered proteins. This dissertation 

will explore a previously unused variable for the design of protein-based materials, the 

controlled inclusion both structured and unstructured domains into the same 

polypeptide, and demonstrates the ability of this parameter to create new material 

properties which open up previously unattainable applications.  
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3. Stimuli-Responsive Partially Ordered Polymers 
The intrinsically disordered nature of ELPs is known to be of importance for their 

sharp LCST behavior. Though the effect of more ordered protein components in this 

material is unknown, we hypothesize that a high degree of structure can be tolerated. We 

have constructed a library of partially ordered polymers composed of ELPs and 

polyalanine, reflective of the exon organization of tropoelastin, to evaluate the effects of 

the more rigid components on LCST and aggregation properties, specifically the ability of 

polyalanine to confer tunable hysteresis to the system. As an ideal elastomeric disordered 

protein and an ideal helix, ELP and polyalanine provide contrasting extremes contained 

within a design simplicity that allows us to parse the effect of both elements while 

retaining broad applicability to other sequences. 

3.1 Motivation 

Thermally-responsive ‘smart’ polymers can be designed to exhibit dramatic 

changes in solubility with slight changes in temperature. Such polymers act as a sensitive 

switch, and have been driving biomedical innovations, particularly in drug delivery and 

tissue engineering [16, 17, 31-36]. Until recently, only a handful of sequences have been 

used to control this type of phase behavior; however, the Chilkoti lab recently demonstrated 

that the sequence space available is much larger than previously thought [75]. This finding 

also reflects the growing understanding in the field of IDPs that many disordered sequences 

can undergo phase behavior [3, 5, 6, 24]. However, while fully reversible phase behavior 

has been an important characteristic for many applications, most natural materials 
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introduce non-equilibrium properties and kinetic effects into their assembly strategies. 

Meta-stable thermodynamic states are, for example, evident in mechanically active 

proteins such as silk and elastin [148, 201], which temporarily lock in place prior to 

covalent crosslinking, and in many IDPs which temporarily adopt stable secondary 

structures for protein-protein or protein-nucleic acid interactions [3, 147, 202]. Amyloid 

and prion formation, such as those involved in Alzheimer’s and Huntington’s disease are 

based on thermodynamic misfolding, where a metastable thermodynamic state 

inadvertently becomes permanent [149-152]. Despite the prevalence of this state-memory, 

or hysteresis, in protein interactions, very little is currently understood about how it can be 

controlled. The ability to design proteins which undergo predictable and tunable hysteresis 

is an important step towards both the design of new functional materials and our ability to 

understand healthy and aberrant IDP assemblies. 

3.2 Methods 

Herein are described the methods used for the synthesis, expression, and 

purification of protein biopolymers as well as those used for evaluating their structural 

content and stimuli-responsive behavior.  

3.2.1 Synthesis of polymer genes 

All polymers were cloned into a modified pet24 vector using a previously 

described process known as recursive directional ligation by plasmid reconstruction (PRe-

RDL) [7]. Briefly, single stranded oligomers encoding the desired sequences were 

annealed into cassettes with CC and GG overhangs. The overhangs enabled their 
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concatemerization and ligation (Quick Ligase, NEB, Ipswich, MA) into the pet24 vector. 

Using this process, we created a library of elastin-like polypeptide and polyalanine 

cassettes (Table 1), which could be strung together through multiple cycles of PRe-RDL to 

form the final partially ordered polymers. All of the base oligomer cassettes used for 

polymer construction can be found below. Plasmids were transfected into chemically 

competent Eb5α (EdgeBio, Gaithersburg, MD) cells for cloning and BL21(DE3) (EdgeBio, 

Gaithersburg, MD) cells for protein expression.  

Table 1: DNA Cassettes for Pre-RDL 

*Note that H4, K(AAALA)5K, was initially cloned but did not express sufficiently to warrant 
inclusion. 
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3.2.2 Expression and purification of POPs 

For protein expression, 5 mL starter cultures were grown overnight from -80°C 

DMSO stocks.  Cells were then pelleted, resuspended in 1 mL of terrific broth, and used, 

along with 1 mL 100 µg.mL-1 of kanamycin (EMD Millipore, Billerica, MA) to inoculate 1 

L of media. Cells were shaken at 200 rpm for 8hrs at 25°C before induction. For induction 

of protein expression, 1 mL of 1 M isopropyl β-D-1-thiogalactopyranoside (Goldbio, St. 

Louis, MO) was added to the flask and cultures were placed at 16°C and 200 rpm 

overnight. Expression at lower temperature was necessary to prevent the formation of 

truncation products at ELP-polyalanine junctions. Cells were then pelleted and 

resuspended in 10 mL of 1X PBS for every 1L of culture grown. Pulse sonication on ice, 

with a total active time of 3 minutes, was used to lyse cells. Cell lysates were treated with 

10% PEI (MP Biomedical, Santa Ana, CA) (2 ml.L-1 culture) to remove contaminating 

DNA and centrifuged at 14k rpm for 10min at 4˚C. Polymer was purified from the 

resulting soluble fraction using a modified version of inverse thermal cycling [34]. The 

fraction was heated to 65˚C or until phase separation was observed. For more hydrophilic 

polymers, this often required the addition of 1-2 M NaCl to depress the transition 

temperature. Once aggregated, the polymer solutions were centrifuged at 14k rpm for 

10min at 35˚C, and the resulting pellet was re-suspended in 5-10 ml PBS. The heating and 

cooling centrifugation cycles were repeated 2-3 more times until a purity of 95% was 

https://www.google.com/search?q=Billerica+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MKoyLjMtUuIAsUuqqjK0NDLKrfST83NyUpNLMvPz9POL0hPzMqsSQZxiq_TEoqLMYqBwRiEAz9NBZUIAAAA&sa=X&ved=0ahUKEwi0lfTf7NPQAhWC7IMKHWNbA7UQmxMIgwEoATAS
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achieved, as analyzed by SDS-PAGE. Pure polymers were dialyzed at 4˚C with frequent 

water changes for 2 days and lyophilized for storage. 

3.2.3 Secondary structure characterization 

Circular dichroism experiments were performed using an Aviv Model 202 

instrument and 1mm quartz cells (Hellma USA, Plainview, NY). Unless otherwise noted, 

scans were carried out in PBS (pH=7.4) with a polymer concentration of 10 µM. Polymers 

were scanned in triplicate from 260 nm to 185 nm in 1 nm steps with a 1 s averaging time. 

Data points with a dynode voltage above 500 V were ignored in the analysis. All 

measurements were performed at 20˚C unless otherwise specified. Temperature ramping 

was done in 5˚C/min increments with a 1 min equilibration at each step. 

For NMR, polymers were grown in M9 minimal media with 15N-NH4Cl and 13C-

Glucose (Cambridge Isotopes, Tewksbury, MA) as the only nitrogen and carbon sources 

to ensure protein labeling. Samples were prepared in PBS (pH=7.4) unless otherwise 

noted. All NMR spectra were collected on an INOVA 600 (Varian Instruments, Palo Alto, 

CA) spectrometer with a triple resonance cryoprobe equipped with a z-field gradient coil. 

Resonance assignments were made using a set of triple resonance experiments including 

HNCO, HN(CA)CO, HN(CO)CA, HNCA, HCAN, and HCA(CO)N. The NMR spectra 

were processed using NMRpipe [203], and were analyzed using NMRviewJ. Chemical 

shifts in the proton dimension were referenced relative to TMSP (trimethylsilylpropanoic 

acid) as 0 ppm. Quantification of helicity was accomplished using the identified alanine 

https://www.google.com/search?biw=1422&bih=993&q=Palo+Alto+California&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDM2SjZV4gAx0wxMkrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQBkqDLvQwAAAA&sa=X&ved=0ahUKEwinpsHxzNPQAhUl0oMKHbWkDrIQmxMIjwEoATAU
https://www.google.com/search?biw=1422&bih=993&q=Palo+Alto+California&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDM2SjZV4gAx0wxMkrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQBkqDLvQwAAAA&sa=X&ved=0ahUKEwinpsHxzNPQAhUl0oMKHbWkDrIQmxMIjwEoATAU
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peaks of the H(N)CO spectra for E1-H2-25%. Chemical shift positions were placed on a 

spectrum of values ranging from fully disordered (177.19 ppm) to fully helical (180.78 

ppm), as determined Vendruscolo et al [204, 205] and the central alanine peak of the 15˚C 

H(N)CO respectively, producing the values in Sup. Table 2. The method to calculate 

helicity was adapted from the δ2D algorithm developed by Vendruscolo et al [205] 

Alanine residues corresponding to carbon chemical shifts of peaks 2-7 were designated as 

fringe amino acids at the edges of the helix. This designation is consistent with helix-coil 

transition theory predictions in which 6 alanine residues occur at values lower than the 

core set. All other alanine residues were assumed to be in the helical core. Subsequent 

averaging of the helicity results in helicity values of 91% for each H2 polyalanine domain. 

3.2.4 Temperature-dependent turbidity  

The transition temperature (Tt) of each sample was determined by monitoring the 

optical density at 350nm as a function of temperature on a UV-vis spectrophotometer 

(Cary 300 Bio; Varian Instruments, Palo Alto, CA) equipped with a multicell 

thermoelectric temperature controller. Tt was defined as the point of largest inflection 

(maximum of the 1st derivative) for the optical density. Unless otherwise stated, samples 

were heated and cooled at 1 °C.min−1 in PBS at concentrations between 10 and 1000 µm. 

3.2.5 FRET  

Lysines on E1-H5-25% samples were dyed with Alexa Fluor (AF) NHS-ester 488 

or AF546 (Thermo Fisher, Waltham, MA), with 50% reaction efficiencies (1 dye/2 polymers 

https://www.google.com/search?biw=1422&bih=993&q=Palo+Alto+California&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDM2SjZV4gAx0wxMkrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQBkqDLvQwAAAA&sa=X&ved=0ahUKEwinpsHxzNPQAhUl0oMKHbWkDrIQmxMIjwEoATAU
https://www.google.com/search?q=Waltham+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAAxikqkQAAAA&sa=X&ved=0ahUKEwicqoSWzdPQAhVF6oMKHQZRALIQmxMItgEoATAb
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or 1 dye molecule/8 helices). AF488 and AF546 dyed polymers were mixed in 1:1 ratios at 

desired concentrations (10-400µM) and dye percentages (0.5-12.5% dyed helices). For 

control measurements, dyed polymers were mixed in a 1:1 ratio with undyed POP. FRET 

experiments were done in a temperature controlled fluorimeter (Cary Eclipse 

Fluorescence Spectrophotometer; Varian Instruments, Palo Alto, CA). FRET was 

measured at 10⁰C, after heating to 30⁰C (above the Tt), then after cooling to 20⁰C (within 

hysteretic range), and again to 10⁰C. Solutions were allowed to equilibrate for 5min after 

reaching the desired temperature prior to measurement. Note that the fluorimeter has a 

low maximum ceiling, and changes in optical density during aggregation affect the 

experimental dynamic range. For example, a 10µM 10⁰C sample has a significantly lower 

fluorescent reading than 400µM 10⁰C; however 10µM 30⁰C has a significantly higher 

fluorescent reading than 400µM 30⁰C due to aggregate scattering. Given this limitation, 

the optimal concentrations and percentages for analysis were determined to be 10 and 

400µM at 7.5% dyed helices. FRET efficiencies were calculated based on the energy 

transfer from donor emissions, and FRET distances were calculated based on a Förster 

radius of 64Å between AF488 and AF546. 

3.2.6 Light Scattering  

Dynamic light scattering was used to determine the hydrodynamic radio (Rh) of a 

shape memory nanoparticle formed with a hysteretic core. Samples were filtered through 

0.2µm pores on ice prior to analysis. The Rh was measured on a temperature controlled 

https://www.google.com/search?biw=1422&bih=993&q=Palo+Alto+California&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDM2SjZV4gAx0wxMkrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQBkqDLvQwAAAA&sa=X&ved=0ahUKEwinpsHxzNPQAhUl0oMKHbWkDrIQmxMIjwEoATAU
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microsampler (Wyatt, Santa Barbara, CA) over the temperature range of interest with 

temperature steps of 2.5 ⁰C.  

Static light scattering (SLS) measurements were then acquired on an ALV/CGS-3 

goniometer (Langen, Germany). Samples were prepared at low temperature in PBS and 

passed through 0.2 µm filters prior to analysis. Refractive index increment (dn/dc) was 

determined from measurements made on an Abbemat 500 refractometer (Anton Paar, 

Ashland, VA). SLS analysis yielded radius of gyration (Rg), shape factor (ϱ), molecular 

weight, and aggregation number (Nagg) parameters. 

3.3 Hysteresis in disordered biopolymers 

Though the Chilkoti Lab has previously identified disordered polymers with 

thermal hysteresis, this property has been notoriously difficult to predict. The difficulty 

in controlling hysteresis is evident by the fact that the amino acid composition is 

insufficient to predict its presence. For example, preserving the same amino acid 

composition and order, but reversing the reading direction of the canonical ELP sequence 

(VPGVG)n to (VGPVG)n is sufficient to eliminate the polymers ability to solubilize upon 

cooling (Figure 6). The two polymers have a similar Tt upon heating; however, 

poly(VPGVG) is fully reversible whereas the reverse sequence poly(VGPVG) remains 

aggregated despite significant undercooling below its Tt. The irreversible aggregation 

observed for poly(VGPVG) is also independent of both and heating and cooling rates 

(Figure 7), with a nearly identical Tt and complete irreversibility observed for rates 
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ranging from 0.5– 5 ⁰C/min. Interestingly, the Tt for poly(VPGVG) tends to be slightly 

higher than that for poly(VGPVG), despite identical amino acid composition. This 

difference in Tt’s, consistent for all concentrations and for both polymer chain lengths, is 

likely due to differences in polypeptide conformation. CD measurements for both 

polymers reveal slightly different molar ellipticities (Figure 6). Poly(VPGVG) appears 

Figure 6: Experimental comparison between VPGVG and VGPVG. (a,b) 
Temperature dependent turbidity for (VPGVG)40/80  and (VGPVG)40/80 (50 µM, PBS) shows 
reversible phase behavior for the canonical ELP sequence, but irreversible aggregation 
for its sequence mirror VGPVG. (c) The reverse VGPVG has a slightly higher transition 
temperature across all measured concentrations despite an identical amino acid 
composition. (d) CD measurements of the soluble polymers (10 µM at 15⁰C in H20) reveal 
a significant difference in their secondary structure. VPGVG has a negative “shelf” at 218 
nm, indicating the presence of beta turns, and this peak is lost for the sequence-reverse 
VGPVG. Both polymers otherwise appear highly disordered. 
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largely disordered with a slight shelf at 218 nm which has historically been attributed to 

unstable Pro-Gly beta turns in the polymer [206, 207]. Poly(VGPVG), which has a reversed 

Gly-Pro sequence, is also disordered but does not exhibit a peak at 218 nm, indicating a 

slight shift in the secondary structure likely produced from disruption of the Pro-Gly beta-

turn structure. Atomistic simulations confirm that the disruption of the transient 

hydrogen bonding between the Pro-Gly disrupts the polymer’s reversibility [89]. 

 The reverse sequence poly(VGPVG) is only one in a growing library of hysteretic 

sequences discovered in the Chilkoti lab [208]. Despite the number of sequences observed, 

Figure 7: Effect of heat-cool ramping rates. (a,b) Heating and (c,d) cooling rates 
have an inconsequential effect on the aggregation transition temperatures and no effect 
on reversibility for any analyzed polymers (50µM, PBS)  
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we have very little understanding of how to predict the presence of hysteresis, the 

magnitude of hysteresis, or even the Tt of aggregation. Perhaps the only pattern to emerge 

is the importance of secondary structure during aggregation, either through the 

disruption of the PG-beta turns as in poly(VGPVG) or through the apparent emergence of 

secondary structure for some sequences when heated. Because precise hysteresis control 

is impossible in a monoblock polymer based on our current understanding, we expected 

that merging non-hysteretic and hysteretic sequences in a polyblock polymer could 

provide a sensitive and tunable way of controlling hysteresis.  To further our investigation 

of hysteresis in disordered LCST polymers, we therefore constructed a library of polymers 

with regularly spaced hysteretic domains throughout a non-hysteretic sequence. The 

Figure 8: Doping in disordered hysteretic motifs. (a) Three 
different disordered, yet hysteretic motif were chosen and spaced 
throughout the non-hysteretic sequence (VPGVG)n. At up to 25% 
hysteretic polymer, no hysteresis or change in Tt was observed. 
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three chosen hysteretic domains, VGPVG, VAPVG, and TPVAVG, have different degrees 

of reversibility as a monoblock polymer [208]. Surprisingly, doped with up to 25% 

hysteretic domains ([(VPGVG)15-Hys5]4), these polymers have no observable hysteresis 

(Figure 8).  Even the Tt’s remain unchanged despite the fact that the hysteretic domains 

differ in their hydrophobicity. Thus, the reversible LCST behavior of (VPGVG)n based 

sequences appears highly tolerant of other sequence additions with the ELP retaining 

sufficient mobility and hydration in an aggregated state to prevent additional 

thermodynamic effects. There will be some critical threshold ratio of hysteretic to non-

hysteretic polymer at which the thermal reversibility begins to change; however, given 

the noted tolerance of ELP phase behavior to sequence alterations, we opted for a more 

defined strategy. 

3.4 A library of partially ordered polymers 

As previous work had noted the potential importance for secondary structure in 

the emergence of hysteresis [208], and current work suggests that disordered sequences 

are highly tolerated additions to other disordered systems, we opted to precisely encode 

in ordered domains to an otherwise highly disordered LCST polymer. We again chose 

ELPs as our disordered backbone. As discussed in Section 2, these polymers constitute a 

family of repetitive polypeptides that are based on a consensus (VPGXG) pentapeptide 

repeat derived from the disordered regions of tropoelastin. ELPs exhibit tunable LCST 

phase behavior, and they serve as models of elastomeric disorder [8, 86, 94, 209]. The 
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sequence-encoded intrinsic disorder of ELPs is thought to be responsible for the observed 

LCST behavior [209, 210]. ELPs are biocompatible polymers with numerous applications 

in protein purification [34], drug delivery [31], and tissue engineering [188].  

Our design criterion for the incorporation of ordered domains into disordered 

scaffolds required that the folded state be autonomously achievable within monomeric 

forms of the ordered domains. This criterion ruled out the choice of domains that fold 

upon oligomerization or fully folded protein domains that could disrupt the desired 

modularity. We hence settled on a design based on the exon organization of tropoelastin. 

Polyalanine helices are an important structural element of tropoelastin, where they 

combine with disordered domains to produce the elasticity and resilience that make 

elastin an important component of the extracellular matrix [18, 61, 64, 66]. Contact 

between polyalanine domains is also thought to stabilize tropoelastin during coacervation 

and maturation into elastin fibers [201]. Because polyalanine sequences are also known to 

have high intrinsic alpha-helicity in aqueous systems [211, 212], they also satisfied our 

requirements for autonomous folding. We hence hypothesized that recombinant 

polymers composed of minimalized polyalanine domains doped into an ELP scaffold, 

mimicking the composition and blocky architecture of tropoelastin [2, 58, 213-215], would 

produce biomaterials with tunable hysteresis among other interesting material properties.  
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Four polyalanine helices (H1-5) with different charge distributions were 

incorporated into three ELPs (E1-3) of varying side chain hydrophobicities at either 6.25%, 

12.5%, 25%, or 50% of the total amino acid number (Figure 9). Polyalanine domain 

compositions were chosen to maximize helicity while controlling hydrophilicity through 

charge-charge interactions. ELP compositions were chosen to span a range of LCSTs 

suitable for in vivo injection [8]. The naming convention for our partially ordered polymers 

(POPs) specifies the ELP (EX), the helix (HY), and the percent helicity (Z%):  EX-HY-Z%. 

The molecular weights (MW) for all polymers are in Table 2. All POPs and ELP controls 

were recombinantly expressed from plasmid-borne synthetic genes in E. coli and purified 

to >95% by inverse transition cycling [34]. POP purity and homogeneity was verified by 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 10), and 

Figure 9: Partially ordered polymer library. Recombinant POPs were 
constructed with 3 ELP components and 4 polyalanine helices at amino acid 
percentages up to 50% based on designed inspired by tropoelastin. 
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their MWs were verified by matrix assisted laser desorption ionization mass spectrometry 

(MALDI-MS); in all cases, the experimentally determined MWs agreed with their 

theoretical MWs within 2 %. 

3.5 Structural characterization  

We used ultraviolet circular dichroism (UV-CD) to quantify the secondary 

structure content of POPs. All POPs show the negative ellipticity peaks at 222 nm and 208 

Table 2: Partially ordered polymer (POP) sequences  
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Figure 10: Purity of POPs. (a) All POPs, listed in (b),were purified to >95% as 
determined by SDS-PAGE gels. (c) The MW of E1-H5-25% was confirmed by MALDI 
and is within 1.5% of the predicted MW. Small bands observed in the SDS-PAGE were 
also confirmed to be truncation products of the longer polymer, likely the result of 
ribosomal pausing. The presence of small amounts of truncation product did not have 
discernable effects on the properties of POPs. 
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nm (Figure 11) characteristic of α-helices. Peak magnitudes are largely independent of 

polyalanine and ELP composition but are highly dependent on total polyalanine 

percentage. The helices are thermally stable with the lowest melting temperatures greater 

than 65 ºC (Figure 11). Given the prevalence of beta turns within ELPs and the possibility 

of polyalanine forming beta structures, helicity was initially quantified using BeStSel Table 

3) [216], a deconvolution algorithm targeted at more complicated beta structures. As others 

have noted [217, 218], however, the deconvolution of CD spectra is particularly sensitive 

to the choice of basis sets and algorithm, especially with disordered and beta-turn 

conformation—both highly present in our polymer system. The CD data and the 

Figure 11: Structural characterization of POPs. CD reveals definitive helical 
peaks at 222 and 208 nm, with peak amplitudes minimally altered by (a,d) polyalanine 
domain and (b) ELP but highly dependent on (c,e) total alanine content. (f) E1-H3-25%, 
which does not transition at low temperatures, shows the preservation of helical 
signature peaks at high temperatures with some loss in peak amplitudes. (Data not 
used for analysis at dynode voltage >500 V at <200nm for all). 
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deconvolution are included for reference, but we consider these results more qualitative 

than quantitative. As a result, we also conducted NMR on POPs to better determine the 

quantitative amount of helicity present in each polymer. 

Though the repetitive and proline rich nature of POPs increases the complexity 

of resonance assignments, identifying key amino acids was enabled by combinations of 

triple resonance NMR spectra (Figure 12). Helicity was determined based on the 

backbone carbonyl carbon chemical shifts of identified alanine peaks in the H(N)CO 

spectra—one particularly sensitive to changes in secondary structure (Figure 13). The 

Table 3: CD Structural Analysis 

Figure 12: Additional NMR analysis. (a) The 15N-HSQC spectrum for E1-H1-
25% and the 13C-HSQC spectrum for E1-H2-25% show the identifiable amino acid 
peaks despite the repetitiveness of the polymers (b) The addition salts in PBS does not 
appreciably alter the chemical shift positions for the polymers. 
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result, that 90% of the residues within each polyalanine domain are in a helical 

conformation at 20˚C, was further supported by predictions from helix-coil theory [219, 

220] and the temperature dependent change of the chemical shifts of backbone carbonyl 

carbons (Table 4).  

Figure 13: Helix-coil theory and NMR. (a) The high degree of helicity observed 
with CD is consistent with helix-coil predictions (Agadir). (b) 15N-HSQC  and (c) 
H(N)CO (residue labels are the associated C’ of the previous residue) 2D solution NMR 
spectra for E1-H2-25% were used to more precisely quantify total structural content. 
Each polyalanine domain was determined to have an average helicity of 90%. 

Table 4: NMR peak predicted helicity and temperature 
shift coefficients 
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3.6 Phase behavior and tunable hysteresis  

ELPs exhibit thermally reversible LCST behavior, cycling between an optically 

clear solution phase and a turbid phase. We measured the thermal phase transition of our 

POPs by monitoring their optical turbidity as a function of temperature. Remarkably, all 

proteins demonstrate very sharp phase transitions that occur over a 1-2⁰C range, even 

when composed of 50% α-helix (Figure 14). These transition temperatures vary 

depending on the specific ELP and helix composition due to differences in their 

hydrophilicity and charge, but all POPs exhibit the sharp phase behavior characteristic of 

fully disordered ELPs.  

When turbid POP solutions are cooled, they form clear solutions; however, upon 

cooling they show a marked downshift in the inferred transition temperature, designated 

Figure 14: Tolerance of phase behavior to helical inclusion. Increasing the 
degree of helicity within a POP does not eliminate the sharp phase boundary upon 
heating. Cooling, however, results in thermal hysteresis, with lower temperatures 
required to solubilize polymers with more helicity. OD measurements were taken at 
350nm in PBS at with heating and cooling rates at 1°C/min. 
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here as Tt-cooling, when compared to the transition temperature along the heating leg, 

designated here as Tt-heating. This thermal hysteresis, defined as the difference between 

Tt-heating and Tt-cooling, or ΔTt, is not observed in ELPs although it has been 

advantageous in other recombinant polymers for the development of hyper-stable micro-

particles and for stabilizing protein scaffolds [14, 98, 99, 154, 221, 222]. However, the 

inability to tune the temperature range over which hysteresis occurs in these systems has 

severely impeded their application.  

Figure 15:  Impact of polyalanine composition and amount on POP 
hysteresis. (a-b)  Hysteresis is largely dependent on the composition (charge 
distribution) of the polyalanine domains with an increase in charge producing a 
decrease in hysteresis (50µM).  (c-d) The Tt-cooling is concentration independent and 
solely determined by changing the composition or degree of helicity. OD 
measurements were taken at 350nm in PBS unless otherwise indicated. Heating and 
cooling rates were kept at 1°C/min. 
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Figure 16: Additional turbidity data. Raw optical density measurements for 
(a) E1-H(X)-12.5% polymers, (b) E1-H(X)-25% polymers and (g) E1-H5-25% of 
different molecular weights illustrate their sharp phase behavior and varying 
degrees of hysteresis. Optical density measurements were taken in PBS. Heating and 
cooling rates were kept at 1°C/min. OD amplitudes are non-interpretable due to 
difference in aggregate formation, settling, and detector saturation. 
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In contrast, the thermal hysteresis in POPs can be precisely controlled as it is 

directly correlated with polymer helicity (Figure 14) and is inversely correlated with the 

amount of charge on the helix side chains (Figure 15 and Figure 16). By incorporating 

helices that engender sufficient charge repulsion amongst helices, such as H3, hysteresis 

can be eliminated altogether.  

Importantly, once fully solvated, POPs return to their original state and can be 

cyclically heated and cooled with no permanent alterations in their solubility (Figure 17). 

Figure 17: Kinetics of hysteresis. (a,b) Despite their hysteretic nature, 
polymers are capable of fully recovering from aggregation. Ten cycles show no 
change in Tt. Altering the (c) heating and (d) cooling rate also does not change the 
phase behavior, though some settling occurs at slower cooling rates. d) E1-H5-25% 
(50 µM, PBS) shows no recovery for 24 hrs when heated and cooled to the hysteretic 
range, however, subsequent cooling after 24 hours results in rapid dissolution. 
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Hysteresis is independent of both heating and cooling rates, and polymers heated and 

then cooled to their hysteretic range remain aggregated after 24 h. Subsequent cooling 

below the Tt-cooling after 24 h causes rapid dissolution (Figure 17).   

For POPs, The Tt-heating scales logarithmically with polymer concentration, in 

accordance with ELP behavior [8, 94]. However, Tt-cooling is independent of 

concentration. Altering the ELP composition adjusts the Tt-heating, but it does not change 

the Tt-cooling (Figure 18). These observations indicate that the composition and chain 

length of the ELP segment control Tt-heating, whereas the helix composition is the 

primary determinant for Tt-cooling. Tuning these two independent parameters —

composition of the ELP segment and the fraction and composition (alanine versus charge 

Figure 18: Effect of ELP composition on POP Hysteresis. For a given H(X), 
the Tt-heating can be independently controlled with (a,b) ELP composition, and (c-
e) polymer molecular weight, providing a method to orthogonally control Tt-heating 
and Tt-cooling. 
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content) of helix-spanning residues in the POP— provides a sequence-encoded dial to 

tune the temperature for the onset of thermal hysteresis and the temperature range of 

hysteresis.  

3.7 The mechanism of hysteresis   

Thermal hysteresis is commonly attributed to changes in secondary structure [99, 

223]. Because polyalanine can adopt random coil, polyproline II, alpha-helical, and beta-

sheeted structures[224], we first analyzed POPs to determine if thermal hysteresis derives 

from a change in secondary structure upon aggregation. UV-CD spectra of a hydrophilic 

POP (E1-H3-25%) indicate that, in the absence of self-associations, the polymers retain a 

high degree of helicity up to at least 65 ˚C (Figure 11, p. 55). POPs that phase separate 

show distortions in the UV-CD spectra that are consistent (Figure 19) with those observed 

for helical bundles of tropoelastin [225-228]. These spectral shifts suggest the presence of 

Figure 19: Temperature dependent CD. (a-b) E1-H1-25% shows a spectral 
shift consistent with distortions for helical peptides at the expected transition 
temperature. This polymer also shows an isodichroic point at 225nm for both 12.5 
and 25%. 10 µM, water, 1mm path length for all experiments. Dynode voltage <500 
V for all. 
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bundled helices within the POP assemblies. This observation is consistent with the 

proposed coacervation of tropoelastin, in which polyalanine domains retain their 

structural integrity during coacervation to stabilize side-chain interactions for 

crosslinking [201, 229].  

Given the intrinsic tendency of polyalanine to form helical bundles [211, 230] and 

the persistence of helices within POP aggregates, we proposed that helical bundling is a 

significant contributor to hysteresis. To test this proposal, we collaborated with Dr. Tyler 

Harmon and Dr. Rohit Pappu of Washington University in St. Louis. They performed 

coarse grain molecular dynamics simulations using a phenomenological model that 

separates the protein domains into two categories of pentapeptide “beads”: polyalanine 

(AAAAA) and ELP (VPGVG). Because polyalanine was observed to self-associate, the 

interaction energies between polyalanine beads (EAA) were chosen to be favorable and 

independent of temperature; ELP interaction energies (EEE) change with temperature, 

increasing in strength above the Tt-heating. ELP-polyalanine interactions (EEA) were 

always unfavorable.  

 A hysteretic cycle for 50 polymers of 25% helicity (E1-H1-25%) in a 25 nm radius 

spherical box was simulated, and the results (Figure 20) suggest that POPs move through 

four stages during a thermal cycle. (1) Below their Tt-heating, POPs are isolated oligomers 

with local helical clusters that are solvated by ELPs. (2) Above the Tt-heating, localized 

clusters dock due to the increased favorability of ELP hydrophobic interactions. (3) Given 
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Figure 20:  Proposed mechanism for hysteresis. Simulations of the hysteretic 
cycle were performed using a coarsed grained model. Heating and cooling were 
achieved by modulating the interaction strengths between ELP domains. (a) 
Snapshots extracted from a phenomenological simulation of POPs are shown 
surrounded by representations of the four states observed for POP. Rods represent 
polyalanine and strings represent ELPs. The colors indicate initial clusters with 
shading indicating different proteins in the same initial cluster. The one-sided arrows 
provide a pictorial summary of the expected rates for transitions between different 
states (fast for 2-3 and slow for 4-1). (b) A simplified representation of experimental 
data is annotated by the species populating each regime.  (c-d) Enlarged snapshots 
from the cooling arm of panel (a) show that POP is not able to isolate itself into a 
single cluster and that the decrease in aggregate density is limited by the presence of 
domain swapped proteins. 
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sufficient time, the alanine domains exchange with neighboring clusters such that single 

POPs span multiple clusters, entangling them into a network. Swapping helices between 

clusters is feasible because of the high density in the docked state and is 

thermodynamically favored by entropy of mixing. As the temperature increases further 

and the ELP repulsive term further decreases, a second reversible transition becomes 

favored where docked spherical clusters convert into denser, less dynamic linear 

aggregates.  This transition is similar to a sphere-to-rod transition for micelles.  Above Tt-

heating, the ELP domains become less soluble they require less surface area.  Changes in 

the ratio of surface area to volume can lead to thermodynamic preference for rods over 

spheres [231]. (4) Once cooled below the Tt-heating, the entanglement of aggregates 

prevents the dissolution of the ELP domains, thus producing entangled oligomers. Unlike 

the fast and irreversible transition from docked aggregates to entangled aggregates (2-3), 

transitions between entangled oligomers and isolated oligomers are slow. A sufficient 

drop in ELP interaction energy (below Tt-cooling) leads to eventual solvation of the POPs, 

diluting the clusters and returning them to their original state.  

3.8 Verification of the domain swapping model 

The helical cluster model predicted by MD simulations assumes that polyA-polyA 

interactions, not ELP-ELP or ELP-polyA interactions are responsible for experimentally 

observed hysteresis. The polyalanine domains form helical bundles that, after ELP 

domain driven aggregation, can interpenetrate one another, and this domain swapping 
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leads to the metastable hysteretic range that prevents ELP solubilization upon cooling. If 

polyA-polyA interactions are the primary driving force, then we should be able to 

experimentally probe these interactions to validate the model’s predictions. We used two 

Figure 21:  Trypsin cleavage of POPs. (a) E1-H5-25% at 200 µM in PBS has a 
hysteretic range between 15 and 22°C as determined by optical density. (b,c) The 
polymer can be cleaved by trypsin at the 4 lysines at the C-termini of the H5 helices. 
(d) Polymer solutions heated past their Tt-heating and subsequently cooled to within 
their hysteretic range can be cleaved by trypsin (molar ratio of 2.5 POP: 1Try) within 
30min. (e) Adding trypsin during optical density measurements confirms cleavage 
with a POP half-life of 17min. POP only controls show no loss of optical density; data 
represent mean ± SEM.  
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experimental approaches in this endeavor:  (1) trypsinization and (2) intermolecular 

Förster resonance energy transfer (FRET).  

Tryspin is a commonly used enzyme that cuts at the C-termainal end of cationic 

amino acids. As POPs containing H5 contain one Lys residue at the C-terminal of each 

helix, incubation with trypsin should produce four identical 100 amino acid long 

polymers, each with a single polyalanine domain (Figure 21). If polyA-polyA interactions 

are responsible for hysteresis though domain swapping, then trypsinization will eliminate 

domain swapping (each polymer has only one crosslinking domain) and solubilize the 

polymer. When E1-H5-25% is heated and then cooled and held in its hysteretic range 

(Figure 21), the addition of trypsin does, in fact, solubilize the polymer, indicating that the 

dispersion of polyalanines between clusters may be responsible for hysteresis. 

Intermolecular FRET, rather than monitoring the behavior of the polymer system 

when interactions are eliminated, allows real-time observation of interaction distances. 

The helices of E1-H5-25% polymers were dyed with either a donor or acceptor 

fluorophore; the polymers were mixed, and FRET efficiency was measured as a function 

of temperature. If inter-polymer polyA-polyA interactions drive hysteresis, then 

aggregation should drive them close enough to observe an increase in FRET efficiency. As 

predicted, changes in FRET efficiency as a function of temperature align very well with 

changes in optical density (Figure 22). The donor peak decreases and the acceptor peak 

increases in an aggregated state, and, importantly, the fluorophore interaction distance 
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remains nearly constant when the polymers are cooled to within the hysteretic range. This 

finding indicates that though the ELP portions of the polymer are driving the system 

towards dissolution, the polyA interactions remain constant, preventing solubiliztion. 

Figure 22:  FRET changes during POP aggregation and dissolution. (a) When 
donor and acceptor fluorophores interact during aggregation, FRET efficiency 
increases. (b) As a function of temperature, FRET efficiency (E) aligns well with 
changes in optical density (OD). (c) E (E1-H5-25%, 10 µM, 7.5% dyed helices) was 
measured at key stages during a heating and cooling hysteretic cycle. (d-e) Sizable 
changes E and distance (r) were observed during aggregation, with insignificant 
reduction in E when cooled to the hysteretic range. No changes were observed between 
10⁰C samples after a heating cycle, indicating full recovery; data are presented as 10-90% 
box plots with a median central element (n=3 independent samples) (f) Donor and acceptor 
peaks were monitored over time prior to aggregation (10⁰C) and after heating and 
cooling to the hysteretic range (20⁰C). No changes in polymer interactions were 
observed at 20⁰C. Simultaneous reduction in overall fluorescence at 10⁰C for both 
polymers likely indicates a bleaching effect; data represent mean ± SEM. 

 



 

70 

Cooling to below the Tt-cooling returns the system to its original state, indicating no 

residual inter-polymer interactions.  

3.9 Shape-memory nanoparticles  

Hysteresis is likely to be useful for applications that require hysteresis to encode 

memory effects. To demonstrate proof-of-concept of the functional utility of thermal 

hysteresis, we designed diblock copolymers with a hydrophobic POP and a hydrophilic 

ELP segment, and succeeded in creating self-assembling nanoparticles with “shape-

Figure 23:  Shape memory nanoparticles with POPs. (a,b) Diblocks of E1-H2-25% 
(40mer) with a hydrophilic ELP, (VPGSG)80 are soluble unimers below the Tt of the 
POP core block, and form small micelles ~20nm large when heated. When cooled, 
the particles retain their size through the hysteretic range, eventually resolubilizing 
below the POP Tt-cool. The process can be cycled without change to particle size or 
reversibility; data is either mean or mean ± SD (c) Rh as a function of angle was 
extrapolated to 0 for reported Rh. (d) The change in refractive index with 
concentration was used to calculate dn/dc for use in (e) the partial Zimm plot. 
Analysis was done with a combination of dynamic and static light scattering (PBS, 
20 µM); data represents mean ± SD (n=3 independent preparations). 
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memory” (Figure 23).  The POP-ELP diblock copolymer self-assembles upon heating 

above the Tt-heating of the POP core block, but does not disassemble until below its Tt-

cooling.  These nanoparticles are hence stable within a hysteretic temperature range once 

they have been formed. As POP Tt-cooling was demonstrated to be largely concentration 

independent, such hyper-stable particles are theoretically free from disassembly below a 

critical micelle concentration (CMC), requiring only a threshold temperature to maintain 

stability after formation. 

3.10 Summary and outlook  

Reversible thermal hysteresis is a poorly understood property that has only been 

observed in handful of sequences. Though different degrees of hysteresis have been 

observed in different sequences, no system existed in which hysteresis could be 

controlled. Using elastin-based peptide polymers, we have shown that though ELPs 

depend on their disordered regions for their reversible phase behavior, structured 

domains may comprise at least 50% of the polymers length without loss of LCST behavior. 

The incorporation of polyalanine domains also adds the ability to precisely program 

hysteresis. Whereas the phase transition upon heating is controlled by the disordered 

ELPs, solubilization upon cooling is controlled by the syntax of structured domain. This 

allows dual tuning of both phase transition temperatures using short domains without 

polymer redesign.  
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The mechanism for hysteresis uncovered here both confirms and denies our 

original hypothesis that secondary structure was sufficient to induce hysteresis. The 

importance of secondary structure lies in its ability to allow for additional intermolecular 

interactions, such as  hydrogen bonding or van der Waals forces that would otherwise be 

absent in the system. In our case, the rigidity of the helices stabilizes methyl group 

interactions between alanine domains, causing helical clusters to form. Domain swapping 

between these clusters during aggregation leads to increased thermodynamic stability, 

and therefore thermal hysteresis.  

Applications for thermal hysteresis warrant an ongoing discussion. This property 

has been underused in the literature largely due to the limited control that researchers 

have had over this variable. The introduction of the idea of controlled thermal hysteresis 

in biopolymers therefore opens new creative avenues previously unexplored in the field. 

Such avenues include the formation of nanoparticles with hyperstable cores 

(demonstrated herein), the targeted occlusion of blood vessels, the formation of 

hyperstable drug depots, or development of new polymer architectures (Chapter 5). 

Hydrophilic helices also represent a broad class of bioactive domains.  The ability of ELPs 

to tolerate extensive structural components inspires the design of thermo-responsive 

biopolymers with embedded bioactive domains, allowing researchers to improve 

polymer loading efficiencies since they are no longer limited to simple terminal fusions. 

Further analysis of systems with reversible hysteresis should also shed light on disease 
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states such has Huntington’s and Alzheimer’s, which are caused by irreversible phase 

separation. Even polyalanine aggregation has been indicted as the cause of several 

diseases. As we can now construct libraries of polymers in which the reversibility of 

aggregation can be precisely controlled, we can better understand why this occurs in vivo 

and how it may be reversed. 
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4. Injectable Tissue Integrating Networks from Partially-
Ordered Polymers 

POPs designed to transition in situ are advantageous for forming depots in vivo 

since they can be handled and injected as liquids, yet rapidly form viscoelastic materials 

when injected in vivo. Although injectable ELP depots have been used for controlled drug 

delivery [29, 185, 232], the homogenous liquid nature of non-crosslinked ELP coacervates 

has limited their applications in tissue engineering [188, 189]. Without chemical 

crosslinking ELP coacervates lack the mechanical stability and porosity to support cell 

migration and growth [189]. It has also been shown that porous materials interact more 

favorably with the immune system, preventing foreign body response and inducing the 

migration of regenerative immune cells [233, 234]. Polypeptides such as POPs, which 

exhibit thermally triggered hierarchical self-assembly into stable porous networks 

without the need for chemical crosslinking, may have beneficial in vivo behaviors. 

4.1 Motivation 

An ideal cell scaffold combines biocompatibility and cellular cues with precise 

control of its three-dimensional architecture.  Most prior work on creating cell scaffolds 

uses two classes of materials. The first class of engineered scaffolds consists of synthetic 

polymers that are attractive because of their chemical diversity, scalable production, and 

control over bulk material properties, but they lack the non-toxicity, biocompatibility and 

the bioactivity that is inherent to native proteins.  The second class consists of 

decellularized tissue scaffolds or natural extracellular matrix proteins and provides 
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materials with useful biological properties in directing behavior, but which —because of 

their natural origin— do not allow molecular level control over their properties.  

Recombinant protein polymers POPs offer an interesting alternative, whereby mimics of 

naturally occurring matrix proteins can be synthesized with molecular level control of 

their properties, with a precision that is superior to synthetic polymers.  

4.2 Methods 

Herein are described the methodologies used for the macroscopic and microscopic 

methods used for characterizing POP networks as well as those used for evaluating their 

use as injectable material in vivo. 

4.2.1 Rheology 

Prior to performing oscillatory shear rheology, samples were prepared in PBS and 

allowed to equilibrate at 4°C. Measurements were taken on a Kinexus Pro (Malvern, 

Westborough, MA) using a Peltier heating element and a 10mm parallel plate geometry. 

Samples were enclosed in a humidified environment to prevent drying during heating, 

equilibration, and oscillation. Soluble polymer samples were loaded onto the lower 

portion of the geometry set at 4°C. The upper portion of the geometry was lowered to 

0.5mm, and the instrument was subsequently heated to the experimental temperature 

(37°C unless otherwise specified) and allowed to equilibrate for 30min. To account for 

volume contraction in ELP and POP gels, samples were run with a normal force control 

of 0.1N—determined to be the optimal normal force to maintain geometry contact without 
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sample deformation. Uncrosslinked ELP gels were too soft for adequate normal force 

control, and were instead run with a gap control set to the average gap of their 

corresponding POP concentration. Each polymer condition was repeated in triplicate. For 

comparison to chemical crosslinking, an additional ELP, E1(DK)80, was produced which 

matched the aspartic acid and lysine distribution of E1-H5-25%, with otherwise identical 

composition to E180. Tetrakis(hydroxymethyl)phosphonium chloride (THPC) was used to 

crosslink available lysines, and, unless otherwise stated, crosslinker was mixed in a 1:1 

molar ratio with polymer lysines (a 4:1 molar ratio with polymer). THPC was added to 

the polymer solution at 4°C prior heating and equilibration. 

4.2.2 Fluorescence imaging and analysis 

POPs were fluorescently labeled using Alexa Fluor 488 NHS Ester (Thermo Fisher, 

Waltham, MA) with a typical reaction efficiency of 20%. Excess dye was removed with 

dialysis and polymers were lyophilized for storage. For all experiments, the dyed 

polymers were diluted into an undyed stock such that no more than 5% of POPs in 

solution were labelled, a percentage which had no effect on the resulting transition 

temperature of the polymers (Figure 24). Confocal images were taken on a Zeiss 710 

inverted microscope with temperature controlled incubation. To prevent dehydration, 

50µl of sample solution was added to 384 well #1.5 glass bottom plates (Cellvis, Mountain 

View, CA) for imaging. Solutions were added below the Tt and allowed to transition and 

https://www.google.com/search?q=Waltham+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAAxikqkQAAAA&sa=X&ved=0ahUKEwicqoSWzdPQAhVF6oMKHQZRALIQmxMItgEoATAb
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equilibrated for 5 minutes on the microscope stage. For FRAP experiments, samples (n=3 

for each group) were equilibrated for 30 min to prevent thermal movement of the focusing 

stage, and fluorescence intensity analysis was done using Zen software (ZEISS 

Microscopy, Jena, Germany). Samples were bleached for 30s at 90% laser power, and 

images were collected every 5s for 30min min. Unbleached areas were taken at the same 

time and fluorescence values were normalized to changes in unbleached areas to account 

for natural photobleaching with continued laser exposure. For void volume analysis, 20 

µm image stacks (n=3 for each concentration) were taken with a pinhole size of 1 Airy unit 

and vertical slice intervals of 230 nm. Three dimensional reconstructions of the resultant 

networks and quantification of their void volume were done in IMARIS 8 (Bitplane. 

Belfast, Ireland). Surface renders were constructed with a minimum object detail of 

200nm, the minimal lateral resolution of the confocal microscope, and local background 

thresholding with the diameter of the largest sphere that fits into the object set a 1 µm. A 

Figure 24:  Effect of fluorophores on Tt. Attachment of Alexa Fluor 488 to the lysines 
on POPs does not significantly alter their phase behavior up to a labelling efficiency 
of at least 50% (1 dye molecule/2 polymers) 
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consistent minimum background threshold was used across samples. Network fractal 

dimensions were determined using the 2D box counting algorithm from the FracLac 

plugin for ImageJ [235, 236]. Structured illumination microscopy images were taken with 

assistance from Dr. Kai Wang using an in-house microscope constructed at Janelia Farm 

in the lab of Dr. Eric Betzig. Polymer samples were added to a glass slide at 4°C and 

allowed to aggregate and equilibrate at 37°C. After equilibration, a cover slip was added, 

since the SIM was an upright microscope, resulting in some network deformation on the 

microscale as compared to the confocal images. SIM images were taken with a lateral 

resolution of ~120 nm and an axial resolution of ~300nm. Image stacks were acquired with 

a z-distance of 150 nm, and 15 SIM images were taken for each plane—5 phases and 3 

angles. Voxel size for all reconstructed images—done using an in-house algorithm—was 

48nm in x,y and 147 nm in z. Reconstructed image stacks of 5um were used to created 

maximum intensity projections for analysis in ImageJ. Additional technical details on the 

experimental setup have been previously published [237, 238].   

4.2.3 Pharmacokinetic and SPECT analysis 

All constructs were endotoxin purified to < 1 EU/ml and prepared at 500µM in 

sterilized PBS and reacted with 125Iodine (Perkin Elmer, Boston MA) in Pierce® pre-coated 

Iodgen tubes (Fisher Scientific, Hampton, NH) [239]. The product was centrifugally 

purified through 40K MWCO Zeba Spin Desalting Columns (Thermo Scientific, Rockford, 

IL) at 2500 rpm for 3 min at 4°C to remove unreacted radioiodine. After labeling, each 
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construct was diluted down to a final biopolymer concentration of 250µM. The resulting 

activity dose for the POP was 1.18 mCi mL-1, while the ELP dose was 1.37 mCi mL-1. 

Female athymic nude mice were purchased from Charles River and housed in a 

centralized animal facility at Duke University. All procedures were approved by the 

Duke University Institutional Animal Care and Use Committee and were in compliance 

with the NIH Guide for the Care and Use of Laboratory Animals. 50µL of the POP was 

prepared in an Eppendorf tube at 63µCi to provide a reference imaging standard. Prior to 

either the depot injection, blood draw, or single-photon emission computed tomography 

(SPECT) imaging, each mouse was anesthetized using a 1.6% isoflurane vaporizer feed at 

an O2 flow rate of 0.6 L min-1. For depot injections, each mouse received a soluble 200µL 

injection of their respective solution at 250µM into the subcutaneous space on the right 

hind flank. The whole body activity of the mouse was then measured in an AtomLab 400 

dose calibrator (Biodex, Shirley, NY). A total of 12 athymic nude mice (n=6 for each group) 

were used for pharmacokinetic analysis of depot stability and distribution. An initial 10µL 

blood sample was drawn and pipetted into 1000mg mL-1 heparin with subsequent blood 

draws at time points of 45min, 4h, 8h, 24h, 48h, 72h, 96, and 120h to determine the release 

profile for the depots. 6 total athymic nude mice also were imaged using SPECT at time 

points of 0, 48, and 120 hrs. Mice were then transferred under anesthesia to the bed of the 

U-SPECT-II/CT for imaging using a 0.350 collimator (MILabs B.V., Utrecht, Netherlands) 

courtesy of G. Al Johnson in the Duke CIVM. Anesthesia was maintained with a 1.6% 
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isoflurane feed at an O2 flow rate of 0.6 L min-1. SPECT acquisition was conducted over a 

time frame of 15 minutes in ‘list-mode’ and at a ‘fine’ step-mode. Upon completion, a 

subsequent CT scan was carried out at a current of 615µA and a voltage of 65kV. Mice 

were then returned to their cages. Post-imaging SPECT reconstruction was carried out 

using MILabs proprietary software without decay correction and centered on the 125I 

photon range of 15-45 keV. All images were reconstructed at a voxel size of 0.2 mm. 

Reconstructed SPECT images were then registered with their corresponding CT scans to 

provide spatial alignment for anatomical reference. 

Upon completion of the study, all mice were euthanized dissected. The 

subcutaneous depots were excised and visually examined for physical differences. In 

addition, the heart, thyroid, lungs, liver, kidneys, spleen, skin, muscle and pancreas were 

collected and analyzed using a Wallac 1282 Gamma Counter (Perkin Elmer, Boston, MA) 

to determine the relative biodistribution of the different constructs. All blood samples and 

the set of PK standards were similarly analyzed using the gamma counter. The counts per 

minute detected for each sample were converted to their corresponding activity. Blood 

samples were then scaled to determine the total amount in circulation according to the 

formula Total = CPM/.01*BW*72ml/kg [240]. Depot retention was analyzed by measuring 

the total photon intensity of the depot SPECT image in ImageJ. Measured photon intensity 

was converted to total depot activity using a calibration factor determined from the 

imaging standard. This calibration was determined by performing a linear regression of 
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the known activities of the standard over time against the corresponding SPECT intensity 

measurements. The factor was applied to each depot and the calculated activity compared 

against the original whole body injected dose at 0h to determine its percent retention.  

4.3.4 Cell Recruitment  

Female C57BL/6 mice were purchased from Charles River and housed in a 

centralized animal facility at Duke University. All procedures were approved by the 

Duke University Institutional Animal Care and Use Committee and were in compliance 

with the NIH Guide for the Care and Use of Laboratory Animals. For analysis of POP 

persistence and cell recruitment, female C57BL/6 mice (used for their complete immune 

system over the nude mice used in the previous study for easier depot observation) 

received soluble injections in the subcutaneous space of the right and left hind flanks. 

Mice were injected with either 200µl of 250µM E1-H5-25%-120 (19 mice), 200µl of 750µM 

E1-H5-25%-120 (4 mice), or Matrigel (Standard Formulation, Corning, Tewksbury, MA) 

(7 mice). POPs were endotoxin purified to < 1 EU/ml and sterile filtered prior to injection. 

At respective time points, mice were euthanized and dissected. Left hind injections were 

excised and placed in 10% neutral buffered formalin (Sigma, St. Louis, MO) for 

histological analysis (n=3 for all groups). Fixed depots were embedded in paraffin, and 

5µm slices from the center of each depot were stained with Hematoxylin and Eosin (H&E). 

H&E stained slides were imaged using an Axio 506 color camera mounted on a Zeiss Axio 

Imager Widfield microscope. Images at 200x magnification were stitched for analysis. 
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Blood vessels were manually counted in ImageJ (n=3). For changes in depot size, images 

of excised depots were taken at a controlled distance and quantified in ImageJ.  

For flow cytometry, excised right hind injections (n=3-4) were transferred to 2ml 

PBS and digested with 0.5mg/ml Collagenase IV (Sigma, St. Louis, MO) and 50 units of 

DNase I (Sigma, St. Louis, MO) at 37˚C for 45min. Digested tissue was filtered through a 

70µm cell strainer and repeatedly washed with sterile 2% FBS (Thermo Fisher, Waltham, 

MA) in PBS. After ACK (Thermo Fisher, Waltham, MA) lysis, cells were counted using a 

hemocytometer. Cells were stained as previously described by others [241]. Briefly, cells 

were blocked with 2.4 G2 antibody (BD Biosciences, San Jose, CA) and stained with anti-

mouse CD45-BV-510 (30-F11, BD Biosciences, San Jose, CA), F4/80-PerCP-Cy5.5 (BM8, 

Biolegend, San Diego, CA), CD11b-APC (M1/70, Biolegend, San Diego, CA), Ly6C-FITC 

(AL-21 Biolegend, San Diego, CA), Ly6G-PE (IA8, Biolegend, San Diego, CA), CD31-PE-

Cy7 (390, Biolegend, San Diego, CA), CD326-APC-Cy7 (G8.8, Biolegend, San Diego, CA), 

and DAPI (Biolegend, San Diego, CA). Cell subtypes were defined as: neutrophils (CD45+ 

CD11b+ Ly6C+ Ly6G+ F4/80-), inflammatory monocytes (CD45+, CD11b+ F4/80+ Ly6C+ 

Ly6G-), tissue macrophages (CD45+ CD11b+ F4/80+ Ly6C- Ly6G-), endothelial cells 

(CD45- CD31+ CD326-), and epithelial cells (CD45- CD326+ CD31-). Cell type analysis was 

done on a FACSCANTO II (BD Biosciences, San Jose, CA) with a minimum of 50000 live 

cells analyzed for each sample. AbC anti-rat antibody control beads (Thermo Fisher, 

Waltham, MA) were used as compensation controls for all antibody dyes, and a 1:1 

https://www.google.com/search?q=Waltham+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAAxikqkQAAAA&sa=X&ved=0ahUKEwicqoSWzdPQAhVF6oMKHQZRALIQmxMItgEoATAb
https://www.google.com/search?q=Waltham+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAAxikqkQAAAA&sa=X&ved=0ahUKEwicqoSWzdPQAhVF6oMKHQZRALIQmxMItgEoATAb
https://www.google.com/search?q=Waltham+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAAxikqkQAAAA&sa=X&ved=0ahUKEwicqoSWzdPQAhVF6oMKHQZRALIQmxMItgEoATAb
https://www.google.com/search?q=Waltham+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAAxikqkQAAAA&sa=X&ved=0ahUKEwicqoSWzdPQAhVF6oMKHQZRALIQmxMItgEoATAb
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Figure 25: Flow cytometry gates for 250 µM POP. (a) Gates for removing 
cell debris and isolating singlets and live cells are shown. (b-g) Flow cytometry 
gating procedures to isolate all cell types are shown with examples from each time 
point for 250 µM POP samples. Cell subtypes are described in more detail in the 
supplementary methods. 
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mixture of live and dead cells was used as a compensation control for DAPI. Flow 

cytometry data was analyzed with FlowJo (FlowJo LLC, Portland, Oregon). Gating 

methods used to establish cell populations are shown using representative samples from 

each group in Figure 25 and Figure 26.  

4.2.5 Statistical Analysis 

All statistical analysis was carried out using Prism 6 (Graphpad Inc, La Jolla, CA). 

Where box and whisker plots are used, the center line represents the median, the box limits 

represent the upper and lower quartiles, and the whiskers represent a range of 10-90% of 

Figure 26: Flow gates for comparison groups. Additional example flow gates are 
shown for (a) Day 5 750 µM E1-H5-25% and (b,c) Matrigel. 
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the maximum.  Where bar charts are used, individual data points are provided along with 

standard error (SEM) error bars unless otherwise specified. When comparing individual 

groups, two-tailed t-tests were used to determine statistical significance. ANOVA was used 

to evaluate significance among three or more groups and the Tukey-Kramer or Dunnett’s 

methods were used as a post hoc tests where indicated in the text for comparisons between 

groups. Experimental group sizes are given within the descriptions of each experiment.   

All CD, optical density, microscopy (confocal and SIM), rheology, and light 

scattering experiments were repeated at least three times, with similar results. NMR 

spectral analysis was repeated twice, with similar results. Polymers were purified several 

times from independent stocks to ensure observed behavior was not batch dependent. For 

animal experiments, repetition was conducted where possible without unnecessary use of 

animals. Histological evaluations were repeated at least three times, with similar results, 

and where representative images are used in the main text (e.g., SPECT and explanted 

depots) a range of additional images are provided in the supplemental information. 

4.3 POPs form solid, fractal networks  

The macroscopic properties of POP aggregates indicate a mechanism for 

aggregation distinct from the liquid coacervation of disordered ELPs. Rather than a turbid 

suspension, POPs transition into mechanically stable, opaque aggregates. These 

aggregates undergo syneresis at high temperatures, cracking and shrinking as 

temperatures increase beyond the Tt-heating (Figure 27). Syneresis suggests percolated 
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crosslinking interactions among polymers [242], likely due to formation of networks from 

the helical clustering predicted by the simulations.  

4.3.1 Mechanical properties 

We performed oscillatory rheology on POPs to characterize key mechanical 

properties and to compare them to ELP controls (Figure 28). Frequency sweeps in the 

linear viscoelastic region of ELPs above their Tt show their loss modulus (G”) (23Pa, 1 Hz, 

10 wt%) to be greater than the storage modulus (G’) (8.0 Pa, 1 Hz, 10 wt%) and both to be 

proportional to frequency. This behavior is consistent with that of liquid-like coacervates 

[243, 244]. In contrast, at equivalent concentrations, POPs exhibit a G’ (12.2 kPa, 1 Hz) that 

is much greater than G” (0.36 kPa, 1Hz), is close to three orders of magnitude higher than 

the G’ of equivalent ELPs, and is independent of frequency. This behavior is typical of 

Figure 27: Syneresis of POP aggregates. E1-H5-25% (2mM, PBS) aggregation 
during a heating and cooling cycle shows a reversible transition from an optically 
translucent liquid to an opaque solid-like structure (inversion test) with syneresis 
observed at high temperatures. 
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Figure 28: Rheology of POPs (a) A strain sweep from 0.01 to 100% reveals the 
linear viscoelastic region (LVER) of POPs.  (b) Frequency sweeps within the LVER (1% 
strain) reveal solid-like material properties for POPs which scale non-linearly with 
concentration. (c) ELPs show more liquid-like behavior (G”>G’) and decrease 
mechanical integrity compared to POPs. (d) Temperature sweeps of E1-H5-25% show 
an increase in elastic moduli as the polymer aggregates. The G’ plateau and drop-off 
after transition is due to aggregate shrinking—common for all elastin biopolymers 
with temperature—and loss of contact with the plates. The change in normal force (FN) 
(inset) reflects this loss of contact. (e) POPs exhibit plastic, frequency dependent 
viscosity whereas ELPs behave as Newtonian fluids. All measurements, except the 
temperature sweep, were taken after a 30 min equilibration at 37°C. All polymers 
solubilized in PBS. For all measurements, data represent mean ± SEM (n=3 
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more solid-like materials [243, 244]. POPs also display high viscosity with plastic, shear-

thinning flow, while ELPs behave as Newtonian fluids. The shear-thinning slope for POPs 

is unusually high (–0.95) for long-chain, polymers indicative of some network rupture, 

and this observation is consistent with reported values for tropoelastin networks [243].  

Importantly, POP mechanical properties could be altered with polymer 

composition (Figure 29). Material stiffness is directly correlated with MW and helical 

percentage but is unaffected by the composition of the disordered region.  POP assembly 

and stability is derived from physical crosslinks from helical domain swapping, but this 

method of crosslinking does not preclude the use of additional chemical crosslinking 

techniques to further modulate mechanical properties. As several of the POP helices 

contain at least one lysine, an amine reactive crosslinker was easily incorporated by 

covalent conjugation. POP aggregates chemically crosslinked with 

Tetrakis(hydroxymethyl)phosphonium chloride (THPC) show a 2-fold increase in 

stiffness. For comparison with a fully disordered ELP, we also synthesized E1(DK)80, a 

(VPGVG)n based polymer with aspartic acid  (D) and lysine (K) spaced equivalently to an 

E1-H5-25% POP (Table 2). Chemically crosslinking E1(DK)80 also increases its stiffness, 

though its G’ remains an order of magnitude lower than both physically and chemically 

crosslinked POPs (Figure 29). The resultant mechanical properties from chemical 

crosslinking are lower than that reported by us and others for other chemically crosslinked 

ELPs [115, 173] due to the low crosslinking density in E1(DK)80 (4 sites/polymer). As 

previous work has shown that fully disordered polymers can achieve high stiffness with 
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Figure 29: Altering mechanical stability. (a) Increasing polymer molecular 
weight or (b) the total polymer helicity increases mechanical stiffness. (c) Helix 
composition has a significant effect on G’, whereas the effect of (d) changing ELP 
composition is not as dramatic. (e) POP physical crosslinking can be combined with 
chemical crosslinking. Here we used a lysine crosslinker 
tetrakis(hydroxymethyl)phosphonium chloride (THPC)  at a 4:1 or 1:1 molar ratio  of 
crosslinker to lysine residues. The addition of a chemical crosslinker predictably 
increases the elastic moduli. Using E1(DK)80, an ELP with equal number and 
equivalently spaced lysine residues (see Sup. Table 1) to E1-H5-25%, we also show that 
chemical crosslinking increases ELP stability, though not to the same degree as POPs. 
(f) Matrigel also behaves as a solid, but soft gel. For a-e, data represent mean ± SEM 
(n=3 independent samples). (g) The G’ at 1% stain and 1Hz were compared to E1-H5-
25%, and all polymers showed statistically different mechanical properties except the 
change in ELP composition; * for p<0.05  determined by ANOVA with a Dunnett’s post 
hoc test comparing each to E1-H5-25% as a control (‘C’); data are presented as 10-90% 
box plots with a median central element (n=3 independent samples). All polymers 
were tested at 5wt% in PBS with 30 min equilibrations at 37°C prior to oscillations. 
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sufficient chemical crosslinking densities [25, 173, 245], even stiffer POPs are likely 

possible, should the disordered domain be substituted for one with a high density of 

chemical crosslinking sites.  

4.3.2 Microscopic aggregation into fractal-like networks 

The incorporation of helical domains in POPs also affects microscale phase 

separation (Figure 30). While ELPs form micron-sized aggregates that mature and 

coalesce, forming a colloidal suspension of liquid-like droplets, POPs undergo arrested 

phase separation into porous networks. POPs with only a single helix form coacervates 

similar to fully disordered ELPs (Figure 31), indicating that physical crosslinks between 

helical domains from separate POP chains are necessary for network formation. These 

networks have a fractal-like architecture, with E1-H5-12.5% and E1-H5-25% POP 

networks having fractal dimensions between 1.6 and 1.9 that are dependent on POP 

Figure 30: Arrested phase separation into fractal networks. At the microscale, 
(a) E1 and (b) E1-H5-25% (400 µM, PBS) form liquid-like coacervates and fractal 
networks, respectively. (c) The intricacy of the network is more clearly seen with a 20 
µm thick 3D reconstruction of E1-H5-25% (PBS). 
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concentration (Figure 32). This fractal dimension is comparable to that observed for native 

elastin networks [246]. We highlight the fractal-nature of POP networks as an intriguing 

observation because fractals are ubiquitous in nature yet difficult to artificially recreate.  

We next used structured illumination microscopy (SIM), a super-resolution 

microscopy technique [247, 248], to further characterize POP networks. SIM revealed the 

presence of interconnected mesoscale polymer globules no larger than 200 nm in size 

(Figure 33). This architecture is consistent across multiple polymer compositions and is 

suggestive of a two-stage aggregation process. POPs initially nucleate like their 

disordered ELP counterparts at their Tt-heating, driven by the disordered domains, but 

rather than coalesce as the solution temperature is raised beyond Tt-heating, the 

mesoscopic nuclei rapidly link, forming fractal networks. Indeed, our coarsed grained 

simulations also predict a two-stage process on the nanoscale (aggregate docking and 

entanglement), and we propose that similar entanglements must also occur on the meso 

Figure 31: Single helix polymer coacervates.  E1-H5-6.25% (200 µM, PBS), which 
contains only one helical domain per polymer, does not form a fractal network; rather, 
the polymer forms a colloidal suspension of coacervates, similar to that of ELP.  
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and micro-scales. This type of aggregation is mirrored in tropoelastin, which also 

undergoes a multistage aggregation process [201, 249] that includes an initial hydrophobic 

coacervation into spherical droplets and subsequent maturation into networks or fibers 

due to interactions between crosslinking domains [201, 249, 250]. The effects of physical 

crosslinking due to polymer entanglements are notably distinct from those of chemical 

crosslinking (Figure 34). The addition of chemical crosslinker to E1(DK)80 will arrest 

coalescence, resulting in an architecture that is a time-dependent snapshot of 

coacervation.  

Figure 32: Fractal dimensions of POP networks. (a) Single plane confocal 
images of E1-H5-25% in PBS were analyzed using a box counting algorithm in FracLac 
for ImageJ. (b) The fractal dimension (D) was determined graphically (n=99 for 
determination of r2) (c) Images for E1-H5-12.5% and 25% revealed fractal dimensions 
ranging from 1.6 to 1.9 and varying with concentration data represent mean ± SEM (n=3 
independent samples). 
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4.3.3 Network control and stability 

We also measured the internal mobility of POP networks prepared from 12.5 and 

25% POP solutions, by monitoring their fluorescence recovery after photobleaching 

(FRAP). Minimal recovery was observed after 30 min, suggesting that POP networks are 

kinetically stable (Figure 35). This kinetic stability is likely due to physical crosslinking 

from helical bundling within the network. There is slightly more recovery for 12.5% 

networks, but the unrecovered fraction remains high (86%). We can also control network 

porosity by modulating polymer concentration. Using three-dimensional reconstructions 

Figure 33: Superresolution microscopy. (a,b) Network architecture at the meso 
scale is that of interconnected “beads on a string”, as revealed by structured illumination 
microscopy. (c-e) The mesoscale architecture of POPs is consistent across concentrations 
and helical percentages. 
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from confocal microscopy, we evaluated the effects of concentration and polymer 

composition on total void volume, defined as the non-protein rich phase of the network. 

Figure 34: POP and ELP architectures with chemical crosslinking. (a) When 
aggregated in the presence of chemical crosslinker—THPC at 1:4 molar ratio (1:1 with 
present lysines)—E180DK, sequentially identical to E1 with D’s and K’s spaced as on E1-
H5, undergoes liquid-like coacervation. When those coacervates interact with one 
another, they covalently attach, producing a snapshot in time of coalescence. The 
presence of crosslinker during POP aggregation has little effect on the observed 
architecture; it forms an interpercolated network of entangled polymers (with 
coacervate size locking at the mesoscale as observed with SIM). (b) Architectural 
differences are even more striking if the crosslinker is added 5 minutes after aggregation 
has occurred. The POP architecture is similar, though the ELP coacervates are much 
larger as they were given more time to coalesce. All polymers are at 800 µM in PBS. All 
scale bars 5 µm. 
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Within a range of 50 µM (1.6 mg/ml) to 800 µM (25.6 mg/ml) for E1-H5-(X)%, the void 

volume can be tuned between 90% (~30-50 µm pores) and 60% (~3-5 µm pores), with no 

significant difference in void volume observed between the POPs with 12.5% and 25% 

helical content over all tested concentrations (Figure 35 and Figure 36). We also measured 

the void volume for a variety of POP compositions and found that polymer composition—

including changes to MW, helical percentage, helix sequence, and ELP sequence—had no 

measurable impact on void volume (Figure 37). This finding allows us to tune porosity of 

the POP network independently of other network properties.  Having porosity as an 

independently tunable parameter provides a stepwise means to tailor POP networks to 

Figure 35: Network stability and void volume. (a) As determined by the limited 
fluorescence recovery 25 min after bleaching, 12.5% and 25% networks have a high kinetic 
stability and limited liquid-like properties; Inset pictures are shown for E1-H5-25% at 400 µM. 
(b-c) Void volumes can be tuned from 60-90% by altering polymer concentration. Data represent 
mean ± SEM (n=4 independent samples). Scale bars are 50 µm. 
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specific applications. Toward this end, we envisage the following protocol to orthogonally 

tune POP properties: (1) choose the desired porosity with concentration; (2) choose other 

physical properties (mechanical properties or Tt-cooling) with MW, helix sequence and 

Figure 36: Confocal microscopy analysis of POPs. Representative single z-
slices, 20 µm z-stacks, and IMARIS surface renders of those same z-stacks (including 
magnified insets) are provided for E1-H5-25% at (a) 50 µM, (b) 200 µM, and (c) 800 µM.  
20 µm z-stacks can be qualitatively compared; however, all quantitative analysis was 
done with rendered networks as described in the supplementary methods. 
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Figure 37: Void volume and composition. (a) Though composition has 
controllable effects on stimuli-responsive and mechanical properties, it is largely 
unaffected by composition. Similar porosities were observed for all tested polymer 
compositions (200 µM, PBS), though the inclusion of a chemical cross-linker did have a 
slight, significant effect; * for p<0.05 determined by ANOVA with a Dunnett’s post hoc 
test comparing each to E1-H5-25% as a control (‘C’); data are presented as 10-90% box 
plots with a median central element (n=3 independent samples). (b) Representative z-
stacks (20 µm thick) are shown for each tested composition.  Scale bars  = 20 µm. 
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percentage; (3) finally, choose aggregation temperature (Tt-heating) with ELP 

composition. The ability to tailor POP networks in this manner, and their ability to span 2-

3 orders of magnitude in elastic moduli, could be useful, for example, in guiding stem cell 

differentiation, a mechanism quite sensitive to the mechanical properties of the 3-D culture 

matrix that also requires control of matrix diffusivity to enable transport of nutrients and 

signaling factors to cells from the surrounding growth medium [251, 252]. 

4.3.4 Relationship to other order-disorder polymers 

This work departs in significant ways from previous studies on block copolymers 

of bioactive or mechanically active folded protein domains with disordered sequences 

such as ELPs [253]. Hydrogels and fibers have been produced with ordered segments such 

as coiled-coils and leucine-zippers to alter their self-assembly [254-257]; however, these 

studies have focused on the specific impact of more complicated structural peptides rather 

than the modular incorporation of ordered versus disordered regions. Likewise, 

copolymers of disordered domains have produced gels and nanostructures [221, 245, 258-

262], but these too lack the interplay of order and disorder as a design principle to encode 

higher order structure. Recombinant combinations of peptide sequences derived from 

structural proteins such as collagen and silk with elastin are more closely related to this 

study [15, 263-265], although neither the precise and tunable control over thermal 

hysteresis nor the emergence of an interconnected thermally reversible fractal network 

architecture has been reported in these studies.  
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Combinations of order and disorder have also been explored in the field of 

synthetic polymers. Ratios of atactic (disordered) and isotactic (ordered) polymer blocks 

have long been used as a means to control gelation and even thermo-responsive phase 

transitions [266-269], with threshold percentages of isotactic polymers typically required 

for specific material properties. It is striking that the principles that guide the modification 

of synthetic polymers so readily align to those we have shown herein for bioinspired 

peptide polymers. Although synthetic polymers and recombinant peptide polymers each 

have their own advantages, peptide polymers are attractive for biotechnology and 

biomedical applications because of their biocompatibility and their absolute molecular 

control through recombinant synthesis. This control makes them better suited for tuning 

material properties via precise —genetically encodable—   changes of their amino acid 

sequence.  

4.4 In situ network stability and tissue integration 

Thermally-triggered biomaterials typically fall under two categories: physically 

associating depots which are slowly degraded for controlled drug delivery [183, 185, 232]  

and chemically reactive hydrogels which crosslink in situ for cell encapsulation or tissue 

repair [25, 189]. Without chemical crosslinking, the physically associating depots lack both 

the mechanical stability and porosity to support cell migration and growth. POPs, 

therefore, represent the first thermo-responsive, physically crosslinkable system that 

carries the same advantages as chemically crosslinked materials.  This finding is 
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significant as the majority of chemical crosslinking techniques carry some disadvantage. 

Small molecules can often be toxic and certainly introduce an unknown system variable. 

Bio-orthogonal crosslinking systems typically require amino acid (e.g., lysine or tyrosine) 

modifications that can be time consuming, expensive, and often are not 100% efficient, 

complicating the simplistic benefits of recombinantly expressed materials. Many 

chemically crossliked hydrogels also require the use of porogens or templating methods 

to introduce the porosity necessary for in vivo material integration. While these obstacles 

can be overcome, the simplicity of physical crosslinking in a system is inherently 

advantageous for clinical translation.  

Figure 38: Pharmacokinetics of POPs. (a) E1-H5-25% POP s.c. injections were 
significantly more stable than their E1 counterparts with just 5% of the injected dose 
degraded at 120hrs; 200 µl 250 µM injections; p<0.05 for all data points after 0hr, 
determined by two-tailed t-tests (n=6 mice); data represent mean ± SEM . (b) Whereas 
ELPs diffuse into the s.c. space, POP depots were externally apparent, retaining the 
shape and volume of the initial injection up to dissection and ex vivo analysis. 
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4.4.1 Pharmacokinetics and bio-distribution 

Motivated by these advantages, we next assessed the in vivo behavior of injected 

POPs.  To do so, we injected E1-H5-25%-120 (200 µL at 250 µM, 50 kDa) as sub-cutaneous 

depots and compared their pharmacokinetic (PK) properties to fully disordered ELPs of 

the same base sequence. POP depots, labeled with 125I, showed significantly less polymer 

release (4.8% of initial dose) than their fully disordered ELP counterparts (8.7%) after 120 

hours despite their increased porosity and greater surface area (Figure 38). Upon injection, 

ELPs diffuse in the sub-cutaneous space until they are not visible externally whereas POPs 

form large, visibly palpable depots. Terminal bio-distribution also reveals no critical 

accumulation in vital organs (Figure 39). Single-photon emission computed tomography  

Figure 39: Biodistribution of POPs. (a) Body weight measures for all mice used 
are given along with the (b) dose of 125I for each group. Dosages were used for data 
normalization and differences in doses on reflect an increase in bound iodine for POPs 
which is not expected to be experimentally relevant. (c) Radiation measured for organs 
after 120hrs reveals some small distribution differences for POPs and ELPs, but none 
expected to be harmful; * for p<0.05  determined by separate two-tailed t-tests; data are 
presented as 10-90% box plots with a median central element (n=6 mice). 
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(SPECT) confirms that ELP depots are more diffuse than POP depots with higher surface-

to-volume ratios and lower polymer densities (Figure 40).  

4.4.2 Tissue integration, cell recruitment, and neovascularization 

To analyze POP persistence in the sub-cutaneous space and cell recruitment, 

C57BL/6 mice receiving endotoxin purified (< 1 EU/ml) sub-cutaneous injections of E1-

H5-25%-120 (200 µL at 250 µM, 50 kDa) were monitored over 21 days. Injected depots 

were excised and either fixed for histological evaluation or processed to extract cells for 

flow cytometry. POPs rapidly and robustly integrate into the sub-cutaneous space, 

creating mechanical connections with surrounding tissue within 24 h (Figure 41). 

Importantly, they do not show a significant decrease in size after 21 days (Figure 41 and 

Figure 40: SPECT-CT Analysis. (a) SPECT-CT images are shown for the three 
mice imaged for SPECT analysis (M22 and M31 48hour CT images failed to output). (b) 
Injected ELPs show higher volumes, higher surface areas, higher S/V ratios, and a lower 
percentage of injected dose per unit volume than injected POPs. Due to small n, 
statistical significance was only achieved in some cases; *p<0.1 and **p<0.05 as 
determined by repeated measures ANOVA (n=3 mice). 
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Figure 42). Initial cell recruitment is high, with cell density peaking at day 10. Recruited 

cells types, determined using flow cytometry as shown in Figure 25 (p. 84) show that the 

POP depots undergo a wound healing response with an initial, mild inflammatory phase 

that resolves over time followed by angiogenesis and proliferation of non-immune cells. 

Hematopoietic-derived cells (CD45+) steadily increase up to day 10 with neutrophils, 

inflammatory monocytes, and macrophages peaking on days 1, 3, and 10 respectively 

(Figure 43). By day 21, all hematopoietic derived cells drop off dramatically and non-

hematopoietic cells become the dominant population. Curiously, E1-H5-25%-120 injected 

Figure 41: POP explant size and cell density. POPs were injected into BL/6 mice 
and explanted for analysis over 21 days. (a) POPs rapidly integrated into the 
subcutaneous environment with sufficient strength to endure moderate extension less 
than 24 hours after injection. (b) Representative images are shown for each time point 
with arrows pointing at externally evident vascularization of the biomaterial. (c) There 
was no significant change in the explant sizes across all time points, though (d) total live 
cells did increase. (e) There is a high initial cell incorporation with some change over the 
observed time periods; for *, p<0.05 determined by ANOVA with Tukey post-hoc (D1 
n=3, D3-21 n=4); data presented as 10-90% box plots. 
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at 750 µM POP shows minimal differences in recruited cell subtypes from the same POP 

injected at a concentration of 250 µM (Figure 43). As the explants from the 750 µM 

injections were larger, it is likely that the material was able to spread within the sub-

Figure 42: Excised depots. (a) Mice did not significantly change body weight 
across time points (day 1 and 3 not collected); data are presented as 10-90% box plots 
with a median central element (D10 Matrigel n=3, remaining n=4 mice). POP (E1-H5-
25%-120) and Matrigel depots are shown (b) pre-and (c) post-excision from the 
subcutaneous right flank. Scale bars = 5mm. 
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cutaneous space, creating an effectively similar pore size in vivo. Histology of POP depots 

supports the presence of a high cellular density, extensive cellular infiltration from 

surrounding tissue, and a lack of fibrous capsule formation (Figure 44 and Figure 45). 

POPs also show a high degree of vascularization with capillaries and some larger vessels 

emerging by day 10 (Figure 44)—with some branching vessels even visible to the unaided 

eye (Figure 41 and Figure 42). The vasculature becomes more uniformly distributed 

throughout the depots by day 21 (Figure 45).  

Figure 43: Cell type analysis. (a) Flow cytometry for cells involved in the innate 
immune reveals subsequent spikes in neutrophils, inflammatory monocytes, and 
macrophages, with a loss in all hematopoietic cells (CD45+) by day 21; for *, p<0.05 
determined by ANOVA with Tukey post-hoc (D1 n=3, D3-21 n=4); data represent mean 
± SEM. (c) CD45+ subtypes for 250 µM POPs show an initial spike in neutrophils, 
followed by monocytes and finally macrophages. (d) Epithelial cells and endothelial 
cells show little to no trend. For c,d, * for p<0.05 as determined by ANOVA with Tukey 
post hoc (D1 n=3, D3-21 n=4 mice). (e) At day 5, the 250 µM and 750 µM POP groups 
were almost identical, with some slight change in the CD45+/- populations. * for p<0.05 
determined by two-tailed t-tests (n=4 mice). 
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Because fully disordered ELPs diffuse too quickly to form explantable depots, we 

injected equivalent weight percentages of Matrigel for comparison. Given the biochemical 

differences between POPs and Matrigel, this comparison is only intended to provide a 

contrast to widely used temperature-sensitive, injectable scaffold. Compared to Matrigel, 

POPs recruit a greater number of cells, including non-hematopoietic cells, and show 

dramatically increased mechanical integration and vascularization than Matrigel (Figure 

46). POPs are likely more useful than Matrigel for applications requiring increased 

integration of the scaffold into surrounding tissue, whereas Matrigel may be more useful 

for applications requiring greater initial isolation of the material from surrounding tissue. 

The angiogenesis of POPs with minimal inflammation is promising for their use as 

injectable materials for regenerative medicine. 

Figure 44: Vasculature. (a) The loss in inflammation corresponds with an 
increase in vascularization, quantified by number of visible capillaries in histological 
sections; for *, p<0.05 as determined by ANOVA with Tukey post-hoc (n=3); data 
represent mean ± SEM.  (b) An example tissue slice 10 days post injection shows an area 
of particularly high vascularization density (scale bar 100µm).  
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Figure 45: Additional histological analysis. (a) Histological slices for 
explanted E1-H5-25%-120 injections were collected from the center of the depots and 
stained with Hematoxylin and Eosin (H&E). (b) Representative slices for days 1-5 show 
cells present in the depots from day 1 with a visible increase in density over time. Cells 
primarily migrate from surrounding tissue (also note in c), but some denser internal 
regions can also be seen by day 5. (c) H&E stained slices from day 10 and day 21 show 
a continued increase in cell density and the emergence of vasculature. Colored dots 
(and arrows) on the slices indicate the presence of blood vessels or capillaries. At day 
10, the vasculature is denser around the edges, near surrounding tissue, but it becomes 
more uniformly distributed by day 21. Scale bars for all zoomed images = 200µm. Of 
note, chronic inflammatory markers such as foreign body giant cells and the formation 
of thick fibrin capsules were not observed in any of the stained sections. 
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Figure 46: Comparison to Matrigel. (a) POPs recruit significantly more cells at 
day 5 and day 10; * for p<0.05 determined by two-tailed t-tests (n=4 mice); data are 
presented as 10-90% box plots with a median central element (POP n=4, Mat n=3 mice).  
(b) An H&E stained Matrigel sample at Day 10 shows minimal cell recruitment and no 
vascularization. (c) POP shows significantly increase vascularization at day 10 (n=3); * 
for p<0.05 determined by two-tailed t-tests (n=3 independent slices). (d) POPs recruit 
more non-hematopoietic cells, (e) more neutrophils, fewer macrophages, and (f) more 
endothelial cells than Matrigel; for *, p<0.05 determined by ANOVA with Tukey post 
hoc; data means ± SEM (POP n=4, MAT n=3 mice). 
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4.4 Summary and outlook 

Using molecularly engineered polypeptides that precisely encode ordered and 

disordered segments along the polymer chain, we have developed a simple, modular 

and tunable material system to evaluate the impact of molecular order and disorder at 

the primary sequence level on the structure and properties of the resulting material. By 

encoding helical domains into ELPs, we show that thermally triggered phase separation 

does not lead to dense, homogeneous coacervates. Instead, POPs drive the hierarchical 

assembly of porous, physical crosslinked viscoelastic networks that are architecturally 

reminiscent of crosslinked elastin. POPs assemble into 3D scaffolds in vivo that are 

notably more stable than disordered ELP controls. Analysis of explanted POP depots 

reveals a progression from mild inflammation that resolves with time, to migration of 

cells within the scaffold, followed by proliferation and vascularization. This progression 

of events indicates that POPs promote wound healing and tissue growth—an 

application we are actively pursuing in follow-up studies in both acute and chronic 

wounds. As the field of intrinsically disordered proteins has expanded, knowledge of 

the biological importance of the synergy between disordered regions and ordered 

domains is growing; yet limited information exists on functionalizing these interactions 

for biomedical applications. Our biopolymer platform is an important step towards 

uncovering design rules that combine order and disorder to develop a new generation of 

functional protein-based scaffolds.  
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5. Complex Microparticle Architectures from Partially-
Ordered Polymers  

The controllable production of microparticles with complex geometries has 

proven invaluable for their utility in a variety of materials science and bioengineering 

applications.  The formation of more intricate microarchitectures, however, is predicated 

on the use of more sophisticated fabrication techniques such as flow lithography or 

multiple-emulsion microfluidics. Further, these microparticles commonly use synthetic 

polymers with limited biocompatibility or polysaccharide biopolymers with limited 

sequence control. By harnessing the molecular interactions of a set of recombinantly 

produced IDPs, we have created several complex microparticle geometries, including 

porous particles, core-shell and hollow shell structures, and a unique ‘fruits-on-a-vine’ 

arrangement, by combining simple microfluidics with thermally-responsive polymer 

phase behavior. Through multi-site unnatural amino acid (UAA) incorporation, these 

protein microparticles can also be photo-crosslinked and stably extracted to an all-

aqueous environment. This work expands the functionalization potential of IDPs as well 

as the available microarchitectures for biocompatible polymers with an eye towards 

applications in drug delivery and tissue engineering.  

5.1 Motivation 

The controlled formation of polymer microstructures with complex architectures 

and spatially segregated regions is increasingly important for their applications in 

materials science and bioengineering [270, 271]. Their specific functions rely on both the 
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microstructure morphology as well as the properties of their component polymers. In 

order to expand the landscape of available applications, researchers have therefore 

focused on the fabrication of morphologically unique structures composed of functional 

materials. The unique characteristics of biocompatible microparticles, for example, have 

made them especially suited for biomedical utility in diagnostics [272-275], drug delivery 

[276-280], and cell encapsulation or tissue engineering [281-290]. Though many complex 

geometries are currently achievable, the majority are only possible using sophisticated 

fabrication techniques such as multiple-emulsion microfluidics or flow lithography [272, 

274, 281, 291-295]. In addition, these microparticles are almost exclusively composed of 

synthetic polymers or biologically-derived polysaccharides [270]. To increase available 

biomedical utility of microparticles, there is a great need to not only develop new 

microarchitectures, but also to do so using novel, biologically relevant materials.  

IDPs are one such potential class of material that has gained much recent interest 

[3, 296, 297]. Several sub-classes of IDPs containing low complexity sequences phase 

separate into distinct coacervates in response to stimuli such as temperature, ionic 

strength, or pH [75, 167, 297, 298]. These proteins are of biological interest for their ability 

to form intracellular membraneless organelles and of technological interest for their 

ability to drive nano- and microparticle self-assembly in aqueous media [144].  
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5.2 Methods 

Herein are described the methods used for the synthesis, expression, and 

purification of protein biopolymers as well as those used for creating and evaluating their 

microarchitecture in bulk and within a microfluidic system. 

5.2.1 Gene synthesis 

All genes for ELPs and POPs were purchased from Integrated DNA Technologies 

and cloned into a modified pet-24 vector via recursive directional ligation by plasmid 

reconstruction, as described in Section 2.1.3 and Section 3.2.1. This chapter also describes 

the use of polymers with multi-site unnatural amino acid (UAA) incorporation—

incorporated through use of the amber codon (TAG)—that required additional genetic 

processing prior to expression. Following their complete synthesis, genes were isolated 

via BseRI and BamHI restriction digest, and the appropriate fragment cloned into another 

modified pet-24 vector with a pTac promoter and rrnB terminator instead of the T7 

promoter and terminator of the original vector. The plasmids were then con-transfected 

into c321.ΔA E. coli alongside a pEvol tRNA/aaRS vector with two copies of pAcFRS.1.t1 

synthetase; the c321.ΔA genome has previously been edited to remove all instances of the 

amber stop codon. The tRNA/aaRS pair has been optimized to recognize the amber stop 

codon and attach to para-azidophenylalanine (pAzF)[122]—an unnatural amino acid 

which encodes nonspecific ultraviolet (UV) crosslinking[128]. 
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5.2.2 Expression of UAA containing polymers 

Liquid cell cultures from 25% glycerol stocks were grown overnight (~16 hr) in 25 

mL 2xYT starter cultures containing 45µg/mL kanamycin and 25 µg/mL chloramphenicol 

at 37 °C and 200 rpm. Starter cultures were then transferred to 1 L 2xYT cultures the 

following morning and grown for ~8 hr in the presence of 45µg/mL kanamycin, 25 µg/mL 

chloramphenicol, 0.2% arabinose, and 1 mM pAzF at 34 °C and 200 rpm. 1 mM IPTG was 

then added to induce expression, and cultures were grown for an additional ~16 hr 

overnight. Cell pellets were collected via centrifugation at 3500 rpm for 10 min and 

resuspended in PBS to an appropriate volume (~25 mL). Samples were sonicated for a 

total of 3 min to lyse cells, and supernatant was collected following centrifugation at 14000 

rpm for 10 min at 4 °C. 2 mL/L culture of 10% PEI was added, and supernatant was 

collected following another centrifugation step at 14000 rpm for 10 min at 4 °C. Three 

rounds of inverse transition cycling (ITC) were then performed to purify polymers. 

Briefly, samples were heated to 50 °C (supplemented with 2M NaCl in the first cycle) and 

centrifuged at 14000 rpm and 30 °C for 10 min. Then, pellets were resuspended in PBS 

and put through another centrifugation step at 14000 rpm and 4 °C for 10 min in each 

cycle. Purity was determined via SDS-PAGE gel electrophoresis. Samples were then 

lyophilized and stored at -20 °C. All protocols were completed under low-light conditions 

to avoid undesirable pAzF crosslinking during synthesis and purification. Polymers not 

containing UAAs were expressed and purified as described in section 3.2.2. 
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5.2.3 Turbidity 

The transition temperature (Tt) of each sample was determined by monitoring the 

optical density at 350nm (650nm for UV crosslinkable polymers) as a function of 

temperature on a UV-vis spectrophotometer (Cary 300 Bio; Varian Instruments, Palo Alto, 

CA) equipped with a multicell thermoelectric temperature controller. Tt was defined as 

the point of largest inflection (maximum of the 1st derivative) for the optical density. 

Unless otherwise stated, samples were heated and cooled at 1 °C.min−1 in PBS at 

concentrations between 10 and 1000 µM. 

5.2.4 Microparticle synthesis and extraction 

Microparticles were generated as water-in-oil emulsions using a cross-junction 

polydimethylsiloxane (PDMS) microfluidics chip with the oil phase pinching the aqueous 

channel at the junction.  Precision syringe pumps were used to control the flow rates of 

the aqueous phase—polymer in PBS at 50-150 µL/hr—and the oil phase—75%/5%/20% v/v 

TEGOSOFT DEC/ABIL EM 90/mineral oil at 250 µL/hr— with variations in the flow rate 

of the aqueous phase used to control droplet diameters. Microparticles were generated at 

4 °C to prevent polymer aggregation during formation. For UV crosslinkable polymers, 

an Omincure Series 1000 lamp was then used to crosslink samples (30s, 50% power, 312 

nm) after heating to the desired temperature. To extract photocrosslinked microparticles 

back into an aqueous environment, emulsions were gently mixed 1:10 v/v into isobutanol, 

and hand-rotated for 1 min. Samples were centrifuged at 1000 rpm at 4 °C for 5 min to 

https://www.google.com/search?biw=1422&bih=993&q=Palo+Alto+California&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDM2SjZV4gAx0wxMkrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQBkqDLvQwAAAA&sa=X&ved=0ahUKEwinpsHxzNPQAhUl0oMKHbWkDrIQmxMIjwEoATAU
https://www.google.com/search?biw=1422&bih=993&q=Palo+Alto+California&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDM2SjZV4gAx0wxMkrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQBkqDLvQwAAAA&sa=X&ved=0ahUKEwinpsHxzNPQAhUl0oMKHbWkDrIQmxMIjwEoATAU
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pellet extracted microparticles, and the oil phase was removed. Microparticles were then 

washed with 1x PBS and centrifuged again at 1000 rpm for 5 min. Samples were finally 

resuspended in 1x PBS for analysis and microscopy. 

5.2.5 Microscopy 

Optical fluorescence microscopy was performed on an upright Zeiss Axio Imager 

A2 microscope with a Zeiss Incubation System S heating stage and PeCon TempController 

2000-2 temperature control unit. Unless otherwise stated, samples were heated and cooled 

at 5 °C/min. Sample drying was problematic at higher temperature with heating rates of 

0.5 °C/min and 1 °C/min. As a result, these samples were heated and cooled in a 

thermocycler and rapidly (<10s) transferred to the microscope stage pre-heated to the final 

temperature. Confocal microscopy was performed on a Zeiss 710 inverted confocal 

microscope with an environmental heating chamber. All samples were imaged at either 

25 ⁰C or 35 ⁰C after equilibration at the appropriate temperature. Scanning electron 

microscopy was performed on an FEI XL30 scanning electron microscope. Microdroplets 

extracted into PBS were allowed to dry at room temperature and sputter coated with gold 

prior to imaging. For cryo SEM, samples were analyzed in a JEOL JSM-7600F SEM 

outfitted with a cryogenic transfer system and stage. Samples were flash frozen in liquid 

nitrogen and transferred to the stage at <-200 ˚C where they were fractured, etched for 

10min, and sputtercoated prior to imaging. to  All images were processed and analyzed 

in imageJ.  
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5.3 Revisiting ELPs and POPs 

ELPs, considered an archetypal elastomeric IDP [139, 209], have been particularly 

studied as they reversibly form coacervates at highly tunable transition temperatures (Tt) 

based on exact control of their primary sequence [8, 75]. Their homology to endogenous 

materials has further afforded considerable biocompatibility, leading to extensive 

application in drug delivery and tissue engineering [29, 188, 299]. When heated above 

their LCST, they form colloidal suspensions of liquid-like aggregates (Figure 47). With 

sustained heating, these coacervates grow and settle as they coalesce. Because the 

polymers remain unstructured and mobile within the aggregates, they reversibly dissolve 

at the same temperature at which they form. Using a microfluidic approach, we recently 

demonstrated that the miscibility of different ELPs can be finely controlled and used to 

generate spherical hydrogel particles ranging from the nano to micro scale [92, 128]. 

Figure 47: ELP and POP phase transitions (a) Where ELPs are highly 
unstructured, POPs are composed of alternating disordered ELP domains and helical 
polyalanine domains. (b) Both polymers have sharp, reversible temperature sensitive 
phase behavior, though POP also incorporates controlled amounts of hysteresis. (c) 
While ELPs form liquid-like coacervates above their Tt, POPs form stable porous 
networks through polyalanine helical bundling.  
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Though the disordered regions of IDPs are considered the primary driving force 

for phase separation, we have also established that periodically spaced ordered domains 

within a disordered polypeptide can alter aggregate microarchitecture without loss of the 

precise control over Tt (Chapters 3,4). These partially ordered polymers (POPs) utilize 

ELPs as a backbone with the addition of polyalanine helices reminiscent of those within 

tropoelastin periodically spaced within the polymer sequence (Figure 47). These helices 

create physical crosslinks due to polymer domain swapping that provide additional 

aggregate stability. Though POPs retain full thermal reversibility, their Tt upon cooling is 

downshifted, creating a metastable hysteretic range. In addition, rather than forming 

liquid-like coacervates, POPs self-assemble into fractal-like microporous networks with 

adjustable stiffness and porosity. Because ELPs and POPs exhibit highly controllable, 

Table 5: A change in nomenclature for ELPs 
and POPs  
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Figure 48: Tuning ELP and POP Tt’s: (a) Increasing the ratio of alanine to valine 
in the guest residue position increases the Tt for both ELPs and POPs. (b) POPs with 
the same V:A ratio as ELPs have slightly depressed Tt’s due to the helical interactions 
(200µM, PBS). (c) POPs display thermal hysteresis with a Tt-cooling lower than Tt-
heating. POPs with 12.5% and 25% helicity both display hysteresis, though 25% 
polymers have a larger range. 12.5% polymers are also more hydrophilic, with less Tt 
depression from total helical content (200µM, PBS). (d,e) Plotting ELP and POP Tt as a 
function of concentration provides a partial phase diagram for understanding 
aggregation of polymer mixtures during a heating and cooling cycle (eg. 4⁰C-50⁰C-4⁰C). 

 



 

119 

thermo-responsive phase separation and share sufficient sequence homology to be 

partially miscible, we hypothesized that mixtures of the two types of polymers could be 

used to create complex polymer microarchitectures using only simple microfluidics and 

stepwise heating and cooling. Note that, for clarity in a follow-up publication, the 

nomenclature for ELPs and POPs was altered in this chapter as illustrated in Table 5.  

5.4 POP-ELP mixture bulk architectures  

Because the transition temperatures of both POPs and ELPs are tunable through 

control of the VPGXG guest residue, we used ratios of alanine and valine to span a range 

of Tts from 20°C to 50°C (Figure 48). This span of Tt’s allowed us to analyze two types of 

POP-ELP mixtures: (1) one in which the POP is designed to transition first during heating 

and (2) another in which the ELP is designed to transition first.  Within POP-ELP mixtures, 

the two polymer populations were not fully miscible, with distinct aggregation events 

observed for both populations (Figure 49).  In system 1, with POP allowed to aggregate 

first, the polymers form a stable, porous network as expected. Continued heated past the 

Tt of the ELP causes ELP coacervates to form and grow until they are able to interact with 

the preformed POP network. Upon contact with the network, they wet and become 

immobile, forming ‘fruits’ on a POP network ‘vine’ in bulk solution. While the size of the 

ELP globules is somewhat varied, the average volume of the globules increases linearly 

with the concentration of ELP in solution without altering the POP network structure 
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(Figure 50). The system can also be cooled below the ELP Tt and reheated with no change 

in the average globule size. System 2, in which ELP aggregates before POP, is perhaps 

even more remarkable. Heating above the ELP Tt forms polymer coacervates as expected. 

When heating is continued to above the Tt of the POP, however, the POPs do not form the 

microporous network seen in isolation. Rather, the polymers wet with the outer edges of 

ELP forming an interconnected core-shell structure. Due to the hysteretic nature of POPs 

and the significantly depressed Tt-cooling, subsequent cooling of the system dissolves the 

ELP cores before disrupting the POP shells. Such cooling creates an interconnected 

network of hollow protein shells (Figure 51). POP shells are apparently non-porous via 

Figure 49: Unusual polymer architectures through ELP-POP mixtures (a) 
Mixtures of the two polymers will form different microarchitectures dependent on 
which polymer type is designed to transition first. (b) In a POP-first mixture of POP(V)-
25% (200µM) + ELP(V4A1) (200 µM), the system forms a “fruits-on-a-vine” architecture 
in which the POPs initially form a porous network, and coalescing ELP coacervates 
form, and then wet with the network. In an ELP-first mixture, of ELP(V) (500µM) + 
POP(V1A4)-25% (100µM), the ELPs form independent coacervates which become 
coated in POPs above the Tt of the POP. The POPs crosslink with one another, creating 
a stabilized “core-shell network”.  
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Figure 50: Control of ELP globule size in bulk mixtures. (a) Confocal image 
analysis of ELP(V4A1) coacervate diameters when heated in PBS with POP(V)-25% 
(500µM) at different concentrations reveals that ELP coacervate volume is linearly 
correlated with ELP concentration. (b) Image analysis was based on single plane 
confocal images, and slices at different z-planes within each coacervate create an 
artificially high range. (c) Single plane images of ELP (blue) coacervates within a POP 
(green) networks show the change in size with concentration. (d,e) Because ELP 
aggregates after POP in this mixture, they can be cooled and reheated without change 
to the POP network. The average coacervate size after reheating is statistically 
identical. Images were processed in ImageJ with a final coacervate number n=5000 for 
all analysis. 
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optical fluorescence and confocal microscopy; however, solvation of the ELP core results 

in its homogenous spreading throughout individual compartments, denoting the 

presence of pores in the POP shells below the resolution of the imaging techniques. 

Though the precise reasons for sharp change in POP architecture, and their strong 

preference for aggregating on ELP is unknown, we surmise that it is in part due to the 

strong sequence homology between the two polymers.  These two bulk architectures may 

have utility in drug delivery or tissue regeneration applications where the degradation of 

drug or chemical cue-containing depot associated within ELP microglobules (either inside 

or outside a POP network) can be tuned to release at a rate signific  antly different than the 

surrounding scaffold. Subsequent delivery and aggregation of other ELP-conjugated 

compounds can then provide temporal control over cells’ microenvironments in the 

scaffold. 

Figure 51: Hollow core bulk networks. A mixture of  ELP(V) (500µM) + 
POP(V1A4)-25% (100µM) was heated past the Tt-heating of both polymers and then 
cooled to below the Tt of the ELP and within the hysteretic range of the POP. Despite 
having a lower Tt-heating, the ELP dissolves, leaving stable, hollow, interconnected 
POP shells. 
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5.5 POP-ELP mixture droplet architectures  

Given the limited available architectures for biomaterial microparticles and the 

ease of formation for these atypical POP-ELP architectures in bulk, we next sought to 

translate similarly unique formations to a microenvironment.  We created a microfluidic 

emulsion droplet generating using a simple X-junction design (Figure 52) [92] capable of 

producing water-in-oil emulsion droplets with a high degree of monodispersity. The 

aqueous phase components (ELP and POP in PBS) were premixed and the entire device 

was kept cold during droplet generation to ensure uniform distribution of the soluble 

polymers within each droplet. We controllably triggered subsequent ELP and POP phase 

transitions within the microdroplets by heating and cooling to generate a range of 

coacervate structures. When POP is isolated in these microenvironments, the polymers 

produce stable structures with microarchitectures similar to those observed in bulk 

(Figure 52 and Figure 53), forming fractal-like porous microparticles with high void 

volume above the Tt-heating. 12.5% POPs can also be used, forming identical 

microparticles with only a slightly higher Tt-heating (Figure 54). Continued heating and 

cooling above the aggregation temperature leads to nonlinear shrinking and swelling of 

the formed microparticles (Figure 55). Heated particles shrink/swell by as much as 20% 

between 20-50⁰C, and the process is fully reversible. All particles remain stable when 

cooled into the meta-stable hysteretic range, and subsequent cooling below the Tt-cooling 

results in full dissolution. 
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Figure 52: Microdroplet architectures. (a) Using a water-in-oil microfluidic 
device, architectures similar to those seen in bulk could be reproduced in 
microdroplets with (b) very low polydispersity. (c-e) POP(V)-25% alone (500µM) 
produces porous, protein microparticles, which fully redissolve once below the Tt-
cooling of the POP. (f-h) In a POP-first mixture of POP(V)-25% (200 µM) + ELP(V4A1) 
(200 µM), the fruits-on-a-vine architecture could be reproduced in droplets. With 
subsequent cooling, the ELP dissolves first, followed by the POP. (i-k) In an ELP-first 
mixture, of ELP(V) (500 µM) + POP(V1A4)-25% (100 µM), the core-shell networks can 
be similarly reproduced. Due to the hysteretic nature of the POPs, subsequent cooling 
actually causes ELP to dissolve first, and it diffuses out, leaving stable, hollow POP 
shells. Plots are the concentration dependent Tt’s of the POPs and ELPs used in each 
system, providing the phase boundaries passed during a heating and cooling cycle. 
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Figure 53: Additional images for microarchitectures. Wider field fluorescent 
images are provided for (a) POP(V)-25% (500 µM), (b) POP(V)-25% (200 µM) + 
ELP(V4A1) (200 µM), and (c) ELP(V) (500 µM) + POP(V1A4)-25% (100 µM) to 
supplement the single particle images from Figure 52 and show particle uniformity. 
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The addition of ELP to the microfluidic aqueous phase produces microparticles 

with architectures similar to those seen in bulk within a confined microenvironment. 

Mixtures of POP(V)-25% and ELP(V4A1), in which t he POP aggregates first, can be cycled 

through five different aggregation stages (Figure 52 and Figure 53):  (1) polymers are both 

fully dissolved; (2) POP forms a porous microparticle; (3) ELP coacervates into globules 

that wet with the POP network; (4) upon cooling the ELP dissolves; (5) continued cooling 

also redissolves POP. Mixtures of ELP and POP in which the ELP aggregates first, ELP(V) 

+ POP(V1A4)-25%, cycle through networks of core-shell and hollow shell networks (Figure 

52 and Figure 53): (1) both polymers are fully dissolved; (2) ELP coacervates  form and 

coalesce; (3) POP polymers interact with ELP coacervates and form containing shells 

which physically crosslink together; (4) because of the hysteretic effect of POP, ELP 

dissolves first upon cooling resulting in a network of hollow POP shells; (5) POP also fully 

redissolves.  If the system is heated after the ELP is dissolved from within the POP shells 

but before the POP shell-network is dissolved, ELPs will still coacervate, forming globules 

Figure 54: 12.5% POP particles. POP(V)-12.5% (500 µM, PBS) forms identical 
architectures to that of 25% polymers. 
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which wet on the outside of the POP shells (Figure 56). Like the porous POP microparticle 

networks, the hollow POP shells also swell and shrink ~20% in size when heated and 

cooled after formation (Figure 55).  

Figure 55: POP particle shrinking and swelling. (a) POP(V)-25% (500 µM) was 
heated at 5⁰C/min to 50⁰C. Using the diameter at 50⁰C as a baseline, the swelling and 
shrinking was measured after cycling between 20⁰C and 50⁰C at 10⁰C/min. (n=5 
particles) (b) Images were not just taken at end points, but also during the process and 
further analyzed to show the non-linearity of the swelling, with a minimum value 
being approached at 50⁰C. (c) Representative images of the network are shown. (d,e) 
Similar analysis was done with hollow POP shells after formation over ELP 
coacervates. Shells also swell at approximately ~20% (n=130 shells). 
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5.6 UV Crosslinkable POPs with unnatural amino acids  

To augment their stability and to increase available architectures while 

maintaining biocompatibility, a method of crosslinking the polymers together without the 

formation of toxic byproducts was required. To this end, multi-site unnatural amino acid 

Figure 56: Mixtures of ELP and a more hydrophobic POP. (a) ELP(V) (500 µM) 
+ POP(V1A1)-25% (100 µM) form similar core-shell and hollow shell structures to 
mixtures with POP(V1A4)-25%. If (c) compressed with a coverslip, (d-e) the stages of 
aggregation and dissolution can be seen more clearly with no interconnection between 
POP shells. Notably, if the system is heated after dissolving out the ELP, ELP will 
aggregate and form globules which wet to the outside of the hollow shells (stage 5). 
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Figure 57: Unnatural amino acids (UAA) for UV crosslinking. (a) xELPs and 
xPOPs were created by encoding (c) para-azidophenylalanine (pAzF) at 1 residue/100 
amino acids. (b) xPOPs retain both phase behavior and thermal hysteresis with a 
slightly downshifted Tt due to the increased hydrophobicity of the aromatic UAA. (d) 
Polymer heated and then exposed to UV light was subsequently cooled and the 
supernatant run on an SDS-PAGE gel. Only 10s of UV exposure is sufficient to fully 
crosslink the system (no soluble components remaining). (e) Fluorescent SDS-PAGE 
gel of xPOP(V)-25% labeled with DBCO-Cy5. pAzF residues that react with DBCO-
Cy5, while the negative control, which was expressed without the addition of pAzF to 
the media, is not fluorescently labeled via click. (f-g) Void volume and network 
architecture are unchanged between xPOPs and POPs. 
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(UAA) incorporation of para-azidophenylalanine (pAzF), which participates in a host of 

crosslinking reactions following exposure to ultraviolet (UV) light, into POPs was 

pursued [300]. Following the recent successes in engineering E. coli strains optimized to 

site-specifically express a 21st amino acid, as well as their use in fabricating thermally-

responsive micro-gels [122, 128], a small library of UV crosslinkable xPOPs was created 

and their thermal and microarchitecture properties characterized (Figure 57). xPOPs are 

sequentially identical to POPs with the exception of pAzF groups  

Figure 58: UV exposure for xPOP microparticles. (a) xPOP(V)-25% particles 
crosslinked after aggregation and exposure to UV light do not solubilize upon cooling. 
(b) UV exposure prior to aggregation does not affect particle formation or reversibility. 
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Figure 59: xPOP mixture with a hydrophilic ELP. (a-c) Cycling through 
heating and cooling stages of a mixture of xPOP(V)-25% (200µM) with ELP(V4A1) 
(200µM) produces microparticles with an identical “fruits-on-vine” architecture as 
non-UV crosslinkable mixtures. (d) ELP coacervate size after aggregation is similar, 
albeit statistically larger than those observed in bulk. (e) Cycling through heating and 
cooling does not change the resultant ELP globule size. 
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equally spaced throughout the polymer at 1 group per 100 amino acids. The polymers 

chemically react after only short UV exposure, requiring <10s of exposure time to fully 

crosslink. Network architecture and void volume in bulk are unaffected, though polymer 

Tt’s are slightly depressed due to the hydrophobicity of pAzF. xPOP microemuslsion also 

undergo an identical aggregation process, forming porous microparticles (Figure 58).  

When crosslinked above their Tt, subsequent cooling does not resolubilize the 

microparticles. Notably, stabilization via crosslinking requires polymer contact. Therefore 

UV exposure of the polymers in a soluble state does not affect thermal reversibility.  

xPOPs can be readily mixed with ELPs to stabilize microparticle architectures. 

Mixtures of xPOP(V)-25% and ELP(V4A1) form a fruits-on-a-vine architecture when 

heated above the polymers’ aggregation temperatures (Figure 59). Subsequent exposure 

to UV light crosslinks the POP, allowing the ELP to solubilize, but preventing the POP 

from solubilizing even when cooled well below its Tt-cooling. If the system is re-heated, 

ELP globules will reform, and this process can be repeatedly cycled without altering the 

POP microparticle architecture. Cooling and re-heating does not alter ELP globule 

properties, and the average “fruit” size remains unchanged.  Compared to bulk mixtures, 

the ELP “fruits” are similarly sized, though slightly smaller. 

5.7 Hollow protein shell architectures 

Within the polymer sequence framework presented in this manuscript, the 

transition order, not the exact POP or ELP sequence controls the type of resultant 
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architecture.  For example, mixtures ELP(V) + POP(V1A4)-12.5% (Figure 60) and  ELP(V) 

+ POP(V1A1)-25% (Figure 56, p. 128) both form core-shell structures similar to ELP(V) + 

POP(V1A4)-25% (Figure 52, p. 124) despite the differences in POP sequence. However, 

these structures are not wholly identical. The smaller the gap in transition temperature, 

the smaller the individual core-shell structures making up the network. This observation 

highlights a critical difference between the combination of non-hysteretic ELP and 

hysteretic POP and our previous work on dual emulsion ELPs [128]. Given sufficient time, 

two immiscible ELPs with different transition temperatures will phase separate from one 

another regardless of when the second ELP transition is triggered. In the ELP-POP system, 

increasing the Tt-gap also increases the amount of time that ELP is given to coalesce prior 

to entrapment by POPs. Given the sequence homology between the disordered 

components of POPs and ELPs, POPs prefer to aggregate around the ELPs, and once even 

Figure 60: 12.5% POP core-shell networks. Core-shell networks can also be 
created with 12.5% POP, though the structures are slightly larger due to the more 
hydrophilic POP allowing greater time for ELP coacervation (heating rate 1⁰C/min for 
left/middle). The (right) confocal image appears different as there is less temperature 
ramp regulation. 
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a very small layer has formed, ELP can no longer continue to coalesce. The core-shell 

architecture can therefore be altered by heating at different constant rates.  We used 

mixtures of ELP(V) and xPOP(V1A4)-12.5% to illustrate the spectrum of core-shell 

structures achievable (Figure 61 and Figure 62). ELP + xPOP mixtures were heated at ramp 

rates of 0.5 - 20 ⁰C/min in a thermocycler and crosslinked with UV at the final temperature. 

Figure 61: Controlling hollow shell architecture. (a,b) As the heating ramp rate 
is increase for a mixture of ELP(V) (1mM) + xPOP(V1A4)-12.5% (100 µM), the average 
core-shell structure diameter decreases as the ELP is given more time to coalesce. At 
0.5⁰C/min, ELP is given sufficient time to coalesce into a single coacervate, resulting in 
one stabilized hollow POP shell per droplet after UV exposure and cooling. (c) 
Fluorescent images at different ramp rates show the range of achievable architectures. 
xPOP shell diameter can be controlled through either 
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Samples were then cooled and transferred to a fluorescent microscope for imaging.  At 

high ramp rates, the ELP is given limited time to coalesce, resulting in disperse ELP 

globules that become surrounded by POPs producing a large network of small hollow 

crosslinked shells. Slightly faster ramp rates produce similar networks, with slightly 

larger POP shells and some “network-like” arms likely due to (a) the absence of ELP and 

(b) insufficient time to interact with already aggregated POP. At 1 ⁰C/min, a bimodal 

distribution emerges with an average of one large and one small shell per aqueous 

droplet. And finally at 0.5 ⁰C/min we are able to produce a single hollow-spherical POP 

shell per droplet. These structures rely on both self-assembly and templating by virtue of 

controlled heating rates. Reheating does not re-fill the shells (Figure 63), but it does cause 

aggregation of ELP within and outside of the hollow spheres. None of our images suggest 

Figure 62: Confocal reconstructions of hollow protein architectures. 20 µm 
stacks of (a) core-shell networks and (b) single protein shells reveal their 3D 
architecture. Small protein aggregates outside of the structures arise due to minimal 
surface area for aggregation on ELP, but these are readily removed during extraction. 
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that leakage upon cooling is due to defects in the structure; rather the shells appear to be 

universally porous, though the pores are sub-microscopic.  

Not only can the architecture of these POP shells be controlled, from a network of 

hollow protein shells to a single hollow protein shell, but we can also control their size  

(Figure 64). If the aqueous droplet diameter is kept constant, doubling the volume of ELP 

within each aqueous droplet, for example, also doubles volume within a POP shell.  The 

diameter of the droplet provides an even more convenient way of controlling size. By 

varying the speed of the aqueous phase during droplet generation, and therefore creating 

a polydisperse mixture of droplet sizes, we were able to linearly correlate the diameter of 

the resultant POP shell to the droplet diameter. With 1mM ELP(V) as the core component, 

diameter of the shell structures were consistently ~50% that of the particle.  

Figure 63: ELP aggregation within POP shells. A single plane confocal image 
taken of ELP(V) and xPOP(V1A4)-12.5% after heating to form a core-shell structure, UV 
crosslinking to stabilize the shell, cooling to dissolve out the ELP, and finally reheating 
to re-aggregate the ELP. ELP does not refill the structure, though ELP left inside after 
diffusion will aggregate and collect on the inside of the POP shells. 
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5.8 Extracting microparticles to aqueous conditions 

In order to achieve clinical utility, POP based microparticles must be extracted 

back into an aqueous environment from the emulsion. In addition to stabilizing structures 

within aqueous microenvironments, UV crosslinking through UAA incorporation allows 

extraction from the water-in-oil system to an all aqueous phase (Figure 65). Using a simple 

de-emulsification process (Section 5.2.3, p. 114), porous POP microparticles were 

successfully recovered into buffered saline (PBS). The particles are mechanically stable 

enough retain their shape and porosity, albeit with a 40% reduction in their size following 

extraction (40.7µm ± 1.8µm pre-extraction and 25.3µm ± 3.4µm post extraction). This 

change in size is perhaps resultant from a built up of elastic potential energy between 

Figure 64: Controlling POP shell diameter (a) by changing the concentration 
of ELP or (b,c) by changing the diameter of the water-in-oil emulsion droplets. In a 
mixture of 1mM ELP, the resultant xPOP shell diameter is 48% the size of the emulsion 
diameter. * for p<0.05  determined by separate two-tailed t-tests; data are presented as 
10-90% box plots with a median central element 
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polymer interactions or between the polymer and the oil phase. Crosslinked hollow shells 

and hollow shell networks can be extracted in the same way. Despite their thin walls, they 

are sufficiently strong to tolerate the extraction procedure, though they do require 

hydration to maintain spherocity, and collapse when dried. To better characterize the 

nano-topography of hollow POP shells, we therefore used cryo SEM (Figure 66).  Cryo 

SEM imaging of the outside of hollow xPOP shells reveals the surface of the shells to be 

Figure 65: Extraction into an aqueous environment. (a) Microemulsions 
containing xPOP can be heated, exposed to UV, cooled, and de-emulsified to remove 
the oil phase, leaving the crosslinked microstructures in an all aqueous environment. 
(b) Fluorescent images of xPOP(V)-25% porous microparticles and xPOP(V1A4)-12.5% 
hollow shells before and after extraction into PBS show preservation of the structure 
after the oil-phase removal. Even the hollow shell networks formed with a faster 
heating rate can be extracted (insert). (c) SEM images of xPOP(V)-25%, formed at 
500µM, porous microparticles show the micro- and nanoscale details of the particles’ 
porous nature. 
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highly textured, apparently composed of tightly packed nano-scale POP coacervates.  

These coacervates are quite similar, albeit somewhat smaller, than those we observe in the 

POP only microparticles (Figure 65). Edge thickness and internal architecture were also 

analyzable where POP shells were fractured during sample preparation prior to etching. 

As expected from our confocal images, the shell walls are remarkably thin—just 200 to 

400nm, and the tight packing of coacervates is consistent through the structure’s edge.  

The nanoscale gaps between these coacervates likely explain how ELP is able to escape 

after cooling to below its dissolution temperature.  

Figure 66: Cryo SEM of hollow POP shells. Cryo SEM images of hollow 
xPOP(V1A4)-12.5% shells reveal the shells to be composed of tightly packed nano- to 
meso- scale POP coacervates. The edges of the shells range in thickness from 200-
400nm. 
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5.9 Summary and outlook 

The formation of materials and microparticles with complex, spatially segregated 

architectures typically requires the use of sophisticated processing methods or 

biologically incompatible materials. Given the increasing utility of microparticles in 

applications from cell culture to drug delivery and tissue engineering, there is a need for 

expansion beyond both the currently available materials and presently known 

architectures. Using a set of recombinant intrinsically disordered proteins, we have 

created unique microarchitectures in bulk materials and as stable microparticles by 

combining simple, scalable processing techniques with temperature-responsive phase 

behavior. All of these architectures are novel in protein-based microparticles and some, 

such as hollow microshell networks, appear wholly unique within known biocompatible 

materials. Via the incorporation of a UV crosslinkable unnatural amino acid, 

microparticles created in water-in-oil microfluidics can further be reliable and stably 

extracted to an all-aqueous environment. This work expands on the budding applications 

of intrinsic protein disorder, demonstrating that protein phase behavior can be readily 

combined with conventional productions processes to create novel materials with 

biomedical potential    
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6. Future Directions 
As a new class of recombinant protein-based material, POPs offer several novel 

and tunable material properties packaged into a highly biocompatible system. This final 

chapter discusses some of the additional applications envisioned for POPs and concludes 

on a summary of the entire body of work.  

6.1 Understanding IDP aggregation in disease 

While much work has been devoted to understanding how IDPs and proteins with 

IDRs contribute to tissue material properties and increase the functional diversity of 

cellular mechanisms, a number of other studies have revealed the importance of these 

proteins in genetic diseases [142, 143, 296]. Many of the mutations responsible for these 

diseases do so by altering the aggregation of these proteins, often leading to 

neurodegenerative disorders where they give rise to high concentrations of plaques and 

brain deposits within patients.  Mutations that increase aggregation propensity have, for 

example, been directly linked to Alzheimer’s, Parkinson’s, and Huntington’s disease 

[152]. Further, there are at least nine diseases, including synpolydactyly (SPD II), X-linked 

mental retartdation (XLMR), and oculopharyngeal muscular dystrophy (OPMD) directly 

associated with mutations within polyalanine domains [301]. In all of these diseases, 

polyalanine has a pathogenic length of approximately 20 amino acids, beyond which 

aberrant aggregation occurs and symptoms are detectable.  As POPs represent the first 

protein-based sequence in which the reversibility of aggregation can be finely controlled, 
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they could be a valuable model system for understanding and treating such IDP-based 

diseases.  

6.2 Hyper-stable nanoparticles for targeted drug delivery 

Micellar nanoparticles used for drug delivery are commonly amphiphilic block 

copolymers composed of a hydrophobic core block and a hydrophilic corona block [100, 

132, 258, 262]. In the case of LCST polymers such as ELPs or PNIPAM, these micelles will 

self-assemble above either a critical threshold temperature with constant concentration or 

a critical micelle concentration (CMC) with constant temperature. Drugs bound to or 

encapsulated in the core of these micelles are, in this way, protected from degradation or 

off-targeting effects until delivery to their specific target where various mechanisms have 

been employed to trigger release. The formation of micelles, however, does not preclude 

the existence of soluble monomers in solution, and these monomers are in constant 

equilibrium exchange with those monomers comprising the micelles. This exchange can 

lead to leakage or loss of drug prior to delivery.   Further, these micelles must maintain a 

concentration above their CMC to prevent disassembly.  The rational design of protein 

nanoparticles with controllable kinetic stability, defined in terms of thermal hysteresis, 

offers an intermediate option for drug delivery between physically crosslinked micelles 

that can disassemble in blood upon dilution below their CMC, and chemically crosslinked 

micelles, which are permanently assembled and must rely on bond cleavage or protease 

degradation for drug release. 
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6.3 Targeted occlusion of blood vessels for cancer therapy 

Radio- and chemo- embolization is widely used in interventional radiology for the 

treatment of select liver, brain, and spinal cord tumors [302-304], whereby the blood 

supply to a tumor is selectively occluded using a physical embolization agent delivered 

by a catheter to ‘starve’ a tumor of nutrients while simultaneously delivering localized 

chemotherapeutics or radiopharmaceuticals to treat neighboring tumor cells. Over the 

years, a wide variety of embolic agents have been employed clinically, and though each 

approach has its benefits, material limitations associated with each of these options drives 

the search for better alternatives. Gel foam, for example, entraps air bubbles that can lead 

to infection [304, 305], and microspheres, particularly systems with poor size and shape 

control, have higher risk of proximal penetration and off-target ischemia [306]. A 

biocompatible embolic agent which can be easily delivered with negligible risk and leads 

to a positive therapeutic outcome has yet to be developed. POPs that can be triggered to 

form a solid material in response to localized mild hyperthermia could provide a 

biocompatible, extrinsically controllable embolization platform that is currently missing 

in the field of interventional radiology.  For this application, POPs would be designed to 

be soluble in systemic serum at physiological conditions, but to aggregate upon heating 

to 40°C. In situ, the POP could then be injected as a liquid either via a catheter or even 

intravenously.  Localized hyperthermia at 42°C, a temperature that is clinically used [307, 

308], would then be applied at the tumor site to induce site-specific aggregation of the 
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POP and occlusion in the malignant vasculature. Due to hysteretic features of the POP 

system, the POP will remain in a solid state even after hyperthermia is removed, leading 

to vascular embolization, but would ultimately undergo degradation into non-toxic 

amino acids over a month or longer period.  POPs could further be stably conjugated to 

radionuclides to deliver loco-regional radioembolization using β-particle emissions or co-

administered with an ELP- chemotherapeutic conjugate that is designed to similarly 

phase transition at 40°C, using ELP-drug conjugates would likewise concentrate at the 

tumor site upon hyperthermia targeting, but unlike the hysteretic POPs, would reversibly 

solubilize within the tumor vasculature upon cooling to 37°C and freely diffuse into the 

interstitium. As mild hyperthermia itself has been widely employed as an adjuvant to 

external beam radiation and chemotherapy [309-311], combining it with embolization 

could provide an additive or perhaps even synergistic increase in therapeutic efficacy. 

6.4 Cancer immunotherapy  

Dendritic cells (DCs) are promising targets for immunotherapy as they play a 

critical role as mediators between the innate and adaptive immune systems. DCs patrol 

peripheral tissues for foreign antigens which they process and present to T-cells, initiating 

the adaptive immune response [312].  If immature cells can be isolated and the antigens 

that they encounter can be controlled, then an immune response to a desired target can be 

generated. This line of logic has been extensively explored in the last two decades as a 

form of cancer treatment [313-315]. Current clinical practice involves isolation of 
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immature DCs from a patient, ex vivo priming of these cells, and re-implantation or 

injection back into the patient.  While the process has been effective, it requires time and 

multiple patient procedures. As a result, researchers have begun exploring methods for 

in vivo modification of DCs either through targeted nanoparticle delivery or via 

implantation of a scaffold for DC recruitment [314]. Several researchers have, for example, 

successfully demonstrated that cytokines, such as granulocyte macrophage colony 

stimulating factor (GM-CSF) can be used to selectively recruit and prime dendritic cells 

[316, 317] for cancer immunotherapy. To date, however, these scaffolds have either 

required surgical implantation or the use of non-biocompatible materials. As the Chilkoti 

lab has recently developed several ELP-cytokine fusions, including GM-CSF, they can be 

readily combined with POP scaffolds—porous, injectable, and biocompatible—to 

selectively recruit and prime dendritic cells in vivo. This type of application takes full use 

of the “fruits-on-a-vine” bulk architecture from Chapter 5 as it allows the simultaneous 

delivery of both a scaffold and an ELP-fused bioactive agent that can diffuse into the 

surrounding tissue without affecting POP scaffold stability. We have already taken the 

first steps towards realizing this application, demonstrating that co-delivering GM-CSF 

with a POP scaffold does indeed promote dendritic cell recruitment, and that varying 

cytokine concentration affects the amount and activation levels of recruited DCs.  
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6.5 Chronic wound healing 

The development of better materials for the rapid healing of chronic wounds, 

particularly diabetic foot ulcers (DFUs), is of critical clinical need. It’s estimated that 10-

20% of all diabetic patients will develop a foot ulcer at some point in their lives [318]. 

Despite the high prevalence, the 5-year mortality rate for DFUs is 50%, a prognosis notably 

worse than many cancers. Treatments for DFUs vary by severity, but generally consist of 

wound debridement followed by regular wound packing until new tissue begins to form.  

The materials used for packing the wound largely consists of foams, alginates, and 

hydrogels which need to be frequently changed [318, 319]. There has, however, been a 

recent shift towards the research of “biological dressings” for wounds [319]. These tissue-

derived products are acellular networks meant to mimic natural extracellular matrix 

(ECM). When placed in the wound bed, they provide a scaffold for cell migration, leading 

to faster tissue regeneration with fewer required applications. As discussed in Chapter 4, 

recombinant protein matrices offer an attractive alternative to current state-of-the-art 

artificial ECMs, whereby biocompatible mimics of naturally occurring ECM proteins can 

be synthesized with a level of precision superior even to synthetic polymers. POP 

networks are particularly attractive for this application as they are both thermally-

responsive—such that it can be injected or applied as a liquid on the wound site to 

instantaneously form a stable scaffold in situ at body temperature—and highly bio-

integrative—initiating a wound healing response which includes revascularization of the 
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injection site. Further, as recombinant proteins they can be easily fused to cell interaction 

domains or co-injected with other polymer bound to growth factors or cytokines as 

necessary to enhance the wound healing process. Thus, as a durable, thermally 

responsive, biocompatible material that can be modified with cellular cues as required, 

POPs have the potential to drastically improve the clinical outcome of chronic wounds. 
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7.0 Conclusion 
Proteins form the foundation of a wide variety of natural biological materials. 

Nature has design these materials over millions of years with a diverse array of properties 

uniquely suited for specific biological functions.  Protein materials are of increasing 

interest to material scientists as they can often achieve combinations of structural and 

mechanical properties unattainable by current synthetic polymers, and they are 

particularly useful for biomedical applications where their native biocompatibility 

complements their unique material characteristics.  A hallmark property of protein-based 

materials is the origin of their interesting macroscale properties in the interaction among 

structured and unstructured domains at the molecular level. While the biological 

significance of these order-disorder interactions is well understood, little work has been 

done to functionalize them for the development of new materials.   

Recombinant protein polymers offer an interesting platform for determining how 

combinations of order and disorder lead to unique material properties as their genetic 

control enables ordered and disordered components to be precisely mixed within a single 

polypeptide chain. Elastin-like polypeptides (ELPs) are of particular interest as they have 

been described as minimalistic elastomeric intrinsically disordered proteins.  Due to their 

highly disordered nature, these ‘smart’ polymers exhibit aqueous phase behavior, 

separating into dense polymer coacervates at tunable threshold temperatures.  
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By placing highly structured helical domains into ELPs, we have shown that 

additional material properties may be controllably encoded into a disordered protein 

without loss of disorder-associated phase behavior. Our library of partially ordered 

polymers (POPs) is also the first biopolymer system with tunable hysteresis whereby 

aggregation and dissolution temperatures can be independently controlled. We have 

further shown that POPs rapidly assemble into viscoelastic, fractal networks that are 

reminiscent of cross-linked elastin and suitable for cell infiltration and remodeling. These 

polymers assemble into 3D scaffolds in vivo that are notably more stable than controls, 

which are disordered ELP sequences. Analysis of explanted POP depots reveals a 

progression from mild inflammation that resolves with time, to migration of cells within 

the scaffold, followed by proliferation and vascularization, indicating that POPs promote 

wound healing and tissue growth. Both hysteresis and network formation are resultant 

from a unique domain swapping mechanism, whereby, once aggregated, helical domains 

are able exchange with neighboring clusters such that single POPs span multiple clusters, 

entangling them into a network. Thus, the degree of hysteresis and network stability can 

both be modified by modifying the composition and amount of helicity in each polymer.  

Finally, we used hysteresis and network formation with combinations of ELPs and POPs 

to create protein-based microparticles with unusual architectures and spatially segregated 

regions.  These architectures are novel in protein-based materials and some, such as 

hollow microshell networks, appear unique within known biocompatible materials. 
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Through multi-site unnatural amino acid incorporation, these protein microparticles can 

also be photo-crosslinked and stably extracted to an all-aqueous environment for 

applications in drug delivery or tissue engineering. 

Building on the rapid expansion of the fields of protein-based materials and 

intrinsically disordered proteins, this work began with the question:  can we recreate the 

cooperative activity of structured and unstructured domains apparent in biological 

proteins to create a new class of materials? In answer, we have created a new biopolymer 

platform—spanning sequence design to biomedical application—which controllably 

functionalizes order-disorder interactions in the development of a new generation of 

functional biomaterials. 
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